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SUMMARY 

The aim of Annex 28 is to investigate the feasibility of, and provide design toolslguidance on the application 
of alternative coolina strateaies to buildinas. Out~uts from the Annex include a review of the technolooies. " .  
design tools and caie stud; descriptions. This report is a compilation of tools developed for use during 
detailed design. The tools have been contributed by the individual member countries participating in the 
Annex. 

There are a number of different typesof tool including component models, air temperaturetflow modeisand 
control algorithms. The majority are intended to be used as part of, or in conjunction with, simulation 
software. In general they have been developed using experimental data andlor theoretical relationships. A 
summary of the tools is given in the Table overleaf. 

A common structure (based on the ASHRAE toolkit format) has been used for detailing the tools. Copiesof 
the source code and executable files (where appropriate) are provided on the enclosed diskette. 
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PREFACE 

The International Energy Agency (IEA) was established in 1974 within the framework of the Organisation for 
Economic Co-operation and Development (OECD) to implement an International Energy Programme. A 
basic aim of the IEA is to foster co-operation among the twenty-one IEA Participating Countries to: increase 
energy security through energy conservation, the development of alternative energy sources and energy 
research, development and demonstration (RDBD). This is achieved in part through a programme of 
collaborative RDBD consisting of forty-two Implementing Agreements, containing a total of over eighty 
separate energy RDBD projects. This publication forms one element of this programme. 

Energy Conservation in  Buildings and Community Systems 

The IEA sponsors research and development in a number of areas related to energy. In one of these areas. 
energy conservation in buildings, the IEA is sponsoring various exercises to predict more accurately the 
energy use of buildings, including comparison of existing computer programs, building monitoring. 
comparison of calculation methods, as well as air quality and studies of occupancy. Seventeen countries 
have elected to participate and have designated contracting parties to the Implementing Agreement 
covering collaborative research in this area. The designation by governments of a number of private 
organisations, as well as universities and government laboratories as contracting parties, has provided a 
broader range of expertise to tackle the projects in the different technology areas than would have been the 
case if participation was restricted to governmenls. The importance of associating industry with government 
sponsored energy research and development is recognised in the IEA, and every effort is made to 
encourage this trend. 

The Executive Committee 

Overallcontrolofthe programme is mainfained by the Executive Committee(ExCo)andthe Implementation 
Agreement on Energy Conservation in Buildings and Community Systems (BBCS), which not only monitors 
existing projects but also identifies new areas where collaborative effort may be beneficial. The ~xecut ive 
Committee ensures that all ~ro iects  fit into a   re-determined strateav. without unnecessarv overlaD or 
duplication but with effectivk 1;aison and communication. The ~xecbt ive Committee has 'initiated'the 
following projects to date (completed Annexes are identified by *): 

I Load Energy Determination of Buildings' 
II Ekistics and Advanced Community Energy Systems* 
111 Energy Conservation in Residential Buildings* 
IV Glasgow Commercial Building Monitoring' 
V Air Infiltration and Ventilation Centre 
VI Energy Systems and Design of Communities' 
VII Local Government Energy Planning* 
Vlll Inhabitant Behaviour with Regard to Ventilation' 
IX Minimum Ventilation Rates' 
X Building HVAC Systems Simulation* 
XI Energy Auditing* 
XI1 Windows and Fenestration* 
Xlll Energy Management in Hospitals* 
XIV Condensation' 
XV Energy Efficiency in Schools' 
XVI BEMS - 1: User Guidance* 
XVll BEMS - 2: Evaluation and Emulation Techniques' 
XVlll Demand Controlled Ventilating Systems' 
XIX LOW Slope Roof Systems' 
XX Air Flow Patterns within Buildings' 
XXI Thermal Modelling' 
XXll Energy Efficient Communities' 
XXlll Multizone Air Flow Modelling (COMIS)' 
XXlV Heat Air and Moisture Transfer in Envelopes' 
XXV Real Time HVAC Simulation' 
XXVl Energy Eff~c~ent Ventllatlon of Large Enclosdres' 
XXVll Evaluatton and Demonstratton of Domest c Venttlatton Svstems ~ ~ ~~- ~, 
XXVlll Low Energy Cooling Systems 
XXlX Daylighting in Buildings 

VII 
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MX Bringing Simulation to Application 
XMI Energy Related Environmental Impact of Buildings 
XXXll Integral Building Envelope Performance Assessment 
XXXlll Advanced Local Energy Planning 
X M l V  Computer Aided Fault Detection and Diagnosis 
XXXV HYBVENT 

A Introduction 

Cooling is a significant user of energy in buildings, and its impact as a contributor to greenhouse gas 
emissions is enhanced by the fact that these systems are usually electrically driven. Increasing use of 
information technology has led to an increasing demand for cooling in the commercial buildings sector, with 
consequent problems for utilities companies. 

In response to these issues, the IEA's Future Building Forum workshop on Innovative Cooling (held in the 
United Kingdom in 1992) identified a number of technologies with the potential to reduce energy 
consumption in the field of alternative cooling strategies and systems, leading to the establishment of Annex 
28. The emphasis for the project was on passive and hybrid cooling technologies and strategies. These 
require close integration of the dynamics of the building structure with the HVAC systems, and this is 
precisely the area in which the BBCS ExCo has established expertise. 

B. Objective 

Passive and hybrid cooling systems will only be taken up in practice if such systems can be shown to meet 
certain criteria: 

a) the life cycle costs (induding energy, maintenance etc.) of such systems are less than conventional 
systems; 

b) the level of thermal comfort provided is acceptable to the occupants in the context of their task; 

c) the systems are sufficiently robust to changes in building occupancy and use; 

d) the design concepts for such systems are well defined, and appropriate levels of guidance are 
available at all stages of the design process, from sketch plan to detailed: 

e) the necessary design tools are available in a form which designers can use in practice: and 

9 the cooling system is shown to integrate with the other systems (e.g. heating and ventilation), as 
well as with the building and control strategy. 

The objective of the Annex was to work towards fulfilling these requirements. 

C. Means 

The project was subdivided into three subtasks relating to the three phasesof researching and dmmenting 
the various cooling strategies: 

Subtask 1: Description of cooling strategies 

The aim of this subtask was to establish the current state of the technologies in the participating 
countries. The findings are detailed in the report: 

Review of Low Energy Cooling Technologies 

The report also contains national data for climate, building standards, heat gains, comfort criteria. 
energy and water costs for each of the participating countries. 

Subtask 2: Development of Design Tools 

Different levels of tool are required throughout the design process. Initially linle detailed data will be 

Vlll 
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available and the emphasis will be on tools using rules-of-thumb. Having established suitable 
options, approximate performance data and practical guidance will be needed for early design and 
assessment. Finally, when the broad principles of the design have been established, such 
techniques as simulation modelling can be used for detailed design and optimisation. To reflect 
these requirements, three different levels of tool have been developed by the Annex: 

Selection Guidance for Low Energy Cooling Technologies 
This tool providesguidance on the'hitial selkction of suitable low energy technologies. 
Paper and software (Visual Basic) versions of the tool have been produced. 

Early Design Guidance for Low Energy Cooling Technologies 
A collection of simplified tools based on design chartsltables and practical guidance to 
assist with early design development of a technology. 

Detailed Design Tools for Low Energy Cooling Technologies (this document) 
A collection of tools for use as part of, or in conjunction with, simulation software. 
Copies of source codes and executable files (where appropriate) are provided with the 
report on an enclosed diskette. 

Subtask 3: Case studies 

The third element of the work was to illustrate the various cooling technologies through 
demonstrated case studies. Approximately 20 case studies have been documented in the Annex 
report: 

Case Studies of Low Energy Cooling Technologies 

The case studies give feedback on performance and operation in practice and include design details 
and monitored performance data. 
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D. Scope 

A number of different technologies have been considered by the Annex. The Table overleaf gives an 
overview of which of the Annex reports have information on which of the technologies. 

Overview Table of Low Energy Cooling Technologies included in Annex Reports 

Technology 

Night cooling (natural ventilation) I * / *  
Review 

Night cooling (mechanical 
ventilation) 

Selection 
Guidance 

Slab cooling (air) 

Slab cooling (water) 

Desiccant + evaporative cooling . 
Evaporative cooling (direct and 
indirect) 

Chilled ceilingsheams 

Displacement ventilation 

. . 

Ground cooling (air) 

Aquifer 

Early 
Design 
Guidance 

Sealriverflake water cooling 

Detailed 1 Case 
Design Studies 
Tools 

0 

0 

E. Participation 

. 

The participating countries in this task are Canada. Germany. Finland. France, Netherlands. Portugal. 
Sweden, Switzerland, United Kingdom and the United States of America. The funding groups for each 
country are given below. 

Canada Buildings Group 
CANMET- Energy Technology Branch. NRCan 
580 Booth St. 
Ottawa. Ontario 
KIA OE4 
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Heat Management Technologies 
Energy Diversification Research Laboratory 
CANMET - Energy Technology Branch, NRCan 
1615. Montee Ste-Julie 
C.P. 4800 
Varennes, Quebec 
J3X IS6 

Germany 

Finland 

France 

Netherlands 

Portugal 

Sweden 

Bundesministerium filr Bildung Technologie und Forschung (BMBE) 
Postfach 200240 
Bonn, Germany 

Technology Development Centre 
PO.  BOX 69 
Fin - 00101 Helsinki 

Agence de I'environnement et de la maitrise de I'energie 
Federation nationale du betiment 
Ministere de I'equipement - Plan Construction Architecture 
Centre scientifique et technique du bhtiment 
Ecole des mines de Paris 
Gaz de France 
Costic 

Novem BV 
Swentiboldstraat 21 
P.O. BOX 17 
6130 AA Sittard 

Center for Energy Conservation 
Praceta B Estrada de Alfraglde 
Alfragide 
2700 Amadora 

Department of Mechanical Engineering 
University of Porto 
R. Bragas 
4099 PORT0 Codex 

Swedish Council for Building Research 
P.O. BOX 12866 
SE - 11298 Stockholm 

Switzerland 

United Kingdom 

Swiss Federal Office of Energy 
CH - 3003 Berne 

British Gas 
EA Technology 
Gardiner 8 Theobald 
Haden YoungIBalfour Beany Building 
MEPC Investments 
Oscar Faber 
Ove Arup 
Department of the Environment, Transport and the Regions 
Building Research Establishment 

United States of America Office of Building Technologies 
U.S. Department of Energy 
1001 Independence Avenue 
Washington DC 20585 
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INTRODUCTION 

This report is a compilation of tools for low energy cooling technologies intended for use during detailed 

design. It constitutes part of the output of Annex 28 in fulfilling its aim to provide design toolslguidance 

on the application of alternative cooling strategies to buildings. Design tools have also been developed 

by the Annex to assist with technology selection and early design. A review of the technologies and case 

study descriptions have also been produced (refer to Preface for an overview of Annex outputs). 

The tools have been contributed by the individual member countries participating in the Annex and 

reviewed by another participant. There are a number of different types including component models, air 

temperaturelflow models and control algorithms. The majority of the tools are intended to be used as 

part of or in conjunction with simulation software. For example the component models are intended for 

incorporation as modules in a simulation software package, whereas the control algorithms would 

generally be user-defined. 

The tools have been documented where possible to a common structure (based on the ASHRAE toolkit 

format) comprising the following sections: 

1. Technology Area 

Specification of the technology to which the tool relates. 

2. Developer 

Contact address of tool provider 

3. General Description 

An explanation of the purpose of the tool typically incorporating a schematic showing the system 

elements and their interaction plus an information flow diagram with algorithm inputs, outputs 

and parameters. 

4. Nomenclature 

Definition of the mathematical variables used in the mathematical description and the code 

variables used in the source code. (Note: Units and nomenclature are consistent within each tool 

but not necessarily between tools.) 

5. Mathematical Description 

Base equations for the algorithm, describing the relationships between the variables 
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6. References 

The source/sources of empirical or non-standard mathematical equations and other data used. 

7. Algorithm 

Definition of the structure of the algorithm as a step-by-step procedure detailing the order in 

which the base equations are calculated. 

8. Flow Chart 

Pictorial presentation of the calculation procedure defined by the algorithm 

9. Source Code 

This is provided for most of the tools but is not appropriate in all cases. Software versions of the 

source codes and executable files are included on the enclosed diskette. 

10. Sample Results 

Input and output data is provided to give users an illustration of how tool is intended to be used 

and what results to exDect. 

The tools have been grouped approximately by technologies. In a few cases the tools can be used in 

combination, eg 'Evaporative cooling control strategy" with 'Direct and indirect evaporative coolers". 
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/ 1. Technology area 

The purpose of this tool is to present a model to investigate performance of desiccant cooling systems. 

The model could be used in conjunction with the following systems: 

. a heat exchanger . a direct evaporative cooler 
an indirect evaporative cooler 
a direct and indirect evaporative cooler 
a cooling coil. 

Models for each of these components are available in Chapter E of this report. 

Name : Matthieu Orphelin, Dominique Marchio 

Organisation : Ecole des Mines de Paris, Centre d'Energ8tique 

Address : 60 Boulevard St. Michel. 75272 Paris Cedex 06. France 

Phone : 33 01 40 51 91 80 

Fax : 33 01 46 34 24 91 

/ 3. General description 

The purpose of the model is to simulate the performance of desiccant cooling systems. The proposed 
model can be used in conjunction with a heat exchanger model, evaporative cooler (direct orland 
indirect) models or a cooling coil model, as proposed Chapter E of this report. 

Inputs are the process and regeneration air properties and flows. Parameters are wheel and desiccant 
material characteristics. The routine gives for outputs the obtained indoor air conditions. 

This way, the calculation can proceed using Excel mrksheets and macros. 

INPUTS OUTPUTS 
+ 

Process air inlet temperature -+ Process air outlet temperature 
Process air inlet humidity ratio -+ Process air inlet humidity ratio 
Process air mass flow rate 
Regeneration air inlet temperature -+ Regeneration air outlet temperature 
Regeneration air inlet humidity ratio -+ - Regeneration air inlet humidity ratio 
Regeneration air mass flow rate -+ - Energy consumed by heating element 

-+ Energy consumed by fans 

PARAMETERS 

Heating power 
Wheel characteristics 
Desiccant material characteristics 
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14. Nomenclature 

m Air mass flow rate 
d Air volumic flow rate 
T Dry bulb temperature 
T' Wet bulb temperature 
Tr Dew point temperature 
E,eps Relative humidity 
w Humidity ratio 
h.q' Specific enthalpy 
c Specific heat 
va Specific volume 
P Energy rate 

[%I 
[kg waterlkg dry air] 
IkJfigl 
[kJlkgPCj 
[m31kgl 
[w] 

Wheel characteristics 
K Global coefficient of heat exchange [w/(mK)] 
D Wheel diameter [ml 
L Wheel length [ml 
f fraction of the wheel section used for process (generally around 0.75) 
T Wheel revolution period 
Md Total mass of desiccant material 

[hl 
[kg1 

Discretisation of the wheel i n  successive layers 
n number of layers 
Mw,u Unitary moisture transfer during one rotation [kg] 
Mi Moisture transfer for all the it"??er during one rotation [kg] 
Mw,i Total moisture transfer for the i layer during one hour [kglhl 
La Load of the material during adsorption [kg waterlkg mater.] 
Ld Load of the material during desorption [kg waterlkg mater.] 
x a dimensional spatial coordinate (wheel axis direction) 

Indices 
i gh layer of the wheel (counted from the inlet of the process air to the outlet of the process 

air) 
a1 Process air enterinq the wheel 
ai Process air in the i' layer of the wheel 
mai Material in contact with the process air in the it"ayer of the wheel, or air in equilibrium with the 

material in the i" layer of the wheel 
a2 Process air temperature leaving the wheel 
do Regeneration air entering the heater 
d l  Regeneration air enterinq the wheel 
di Regeneration air in the it layer of the wheel 
mdi Material in contact with the regeneration air in the fh layer of the wheel, or air in equilibrium with 
the material in the th layer of the wheel 
d2 Regeneration air leaving the wheel 

Energy Balance 
P Total energy rate [w 1 
Pe Heater energy rate [w 1 
Pa Energy rate of the process air fan [w] 
Pd Energy rate of the regeneration air fan 
Pw Energy rate of the wheel motor 

[w I 
[w] 

Desiccant material 
Cj constant coefficients 
Ls Heat of sorption 
LF Load factor 

[kJlkg sorbed water] 
[kg waterlkg matdrial] 

The following diagram illustrates the system in its simplest form. The heat source can be electric, gas. 
solar, heat recovery, or any combination of two of these sources. 

3 
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Reeeneration air 
A 
I \ 

Heating 

Tmawma 
w Process air 

Desiccant system 

As mentioned previously, the desiccant system can be used in conjunction with other air handling 
systems, such as an heat exchanger and an evaporative system. The following figures illustrate this 

Heat exchanger 

Desiccant system and heat exchanger 

Reeeneration a i r  

Tdin.wdin 
n 

-----C 

Taout.waout 
t- 4 

- 
Tma,wma 
w Process a i r  
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Indirect evaporative 

Direct evaporative cooling 

1 Reeeneratioo air 

I U I I 

Heater I Whe 

Process air 
Heat exchanger 

Desiccant system, heat exchanger and evaporative system 

1 5. Mathematical description 

Heat and mass transfers in a desiccant wheel are coupled by the four following differential equations : 

1. mass conservation equation 
2. mass transfer rate equation 
3. energy conservation equation 
4. energy transfer rate equation 

Boundary conditions are periodical due to the wheel rotation 

In the model, the following assumptions have been made (see [VDBU92] and [MATHBO] for more 
details): 

The desiccant wheel is under steady-state conditions (The resolution of coupled heat and 
mass transfer and conservation equations in [MATHBO] shows that the steady-state 
conditions is quickly reached, justifying the steady-state assumption.) 
Heat and mass transfer coefficients are constant. . The desiccant matrix can be considered as a succession of layers. . Air properties are considered as constant on a surface perpendicular to the flow direction. 
Heat conduction and water diffusion in the axial direction are negligible. 
Flux coupling is neglected. . The adsorption phenomenon is without hysteresis. In other words, the equilibrium 
relationships are the same for the adsorption and the desorption. 
No mixing or carry-over of streams occurs. . There is no radial variation of fluid matrix states. 
Only the steady-state performance only of the dehumidifier is considered. 

Air conditions (eg temperature and humidity ratio) vary across the wheel. As adsorption and desorption 
phenomena are strongly non-linear, assuming a balance between the inlet and the outlet of the wheel is 
not feasible. A spatial discretization of the wheel in successive layers has to be performed, in order to 
evaluate the condition of both air streams across the wheel. Ten successive layers have been used to 
achieve which sufficiently accurate results. 

Two different air stream configurations may be analysed (parallel flow and counter flow) giving two 
different resolution methods, as expressed in the algorithms and equations sections. Use of parallel-flow 
rather than counter-flow enhances the numerical stability of the calculation but the process is inherently 
counter-flow. 

The intrinsic characteristic of the desiccant materials need to be defined for the modelling 
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Modelling of desiccant materials 

The following table from [CELEW] gives some indicative values for different material types. 

Manufacturers often give desiccant material performances as an isotherm, which gives the water load of 
the material (LF = load factor, expressed in kg of water per kg of dry material) in equilibrum with air at a 
given humidity ratio, for a fixed air temperature (eg 25°C). 

The assumption of no hysteresis (equilibrium relations are the same for adsorption and desorption) 
means that the material may be described by this isotherm. 

Adsorption maximum load 
(saturated) 

kg water / kg material 
0.38 
0.64 
0.40 
0.26 

Material 

Silica Gel microporous 
Silica Gel macroporous 

Activated alumina 
Molecular sieve 

The shape of the isotherm is a characteristic of the material. The International Union of Pure and Applied 
Chemistry ([STIE95], [COLL92]) distinguishes three isotherms shapes, as represented on the next figure. 

Adsorption heat 

(kJ/kg water) 
2900 
2900 
2900 
4180 

I Humidity ratio of air in equilibrium 

Many practical expressions of the load factors have been defined and used in past studies. Some 
examples are described below. (NB Any expression can be implemented in the model.) 

Equation using an adsorption potential [STIE95] 

(a) LF = 0.0385.ex~[-(N620)~5] + 0.0460.exp[-(~620)' 5]  
where A = RT.ln(pslpv) defined as the adsorption potential 

ps = saturation vapor pressure at T [K] of material [kpa] 
pv = partial steam pressure [kpa] 

Equations using a multi-variable polynomial expression 

The following equation is given for a silicagel in [DUP094] : 

(b) eps = S1.T.LF2+ S2.T.LF + S~.LF' + S ~ . L F ~  + S5.LFz+ S6.LF 
h e r e  Sf = -0.04031298 

S2 = +0.02170245 
S3 = +125.470047 
S4 = -72.651229 
S5 = +15.5223665 
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S6 = +0.00&1266 

. Brunauer types [COLL92] 

(c) SC = FC 1 (R + FC - R.FC) 
where SC = solid relative concentration 

FC = fluid relative concentration ~ - ~ ~ 

R = separation factor ( 4  type I. =1 type II, >1 type Ill) 

Second-degree polynominal expression 
Such a regression is presented in [MATHBO]. Some of the silica1 gel manufacturers give materials 
performance under the following form: 

(d) eps = C1.LF + C2.LF2 
where eps = relative humidity of air in equilibrium with the material 

LF = load factor of the material (in kg water per kg of dfy desiccant) 
C1 8 C2 = Constant coefficients depending on the nature of the desiccant 

This equation assumes that temperature does not influence the load factor. In other wrds, knowing the 
humidity ratio of the air in equilibrium with the material, the load factor is the root of the second-degree 
equation. 

Any of these expresslons ((a). (b), (c), or (d)) . or any other, can be lmplemented in the model, depending 
on ava~lable lnformatlon Equat~on (d) has been lmplemented in the example glven 

Study o f  the isenthalpic assumption 

References listed in bibliography index indicate that desiccant systems may (or may not) be considered 
as isenthalpic. First of all we must understand the meaning of this assumption and see what role the 
isenthalpic efficiency plays. 

In this example, the system under consideration is the moist air 

Initial state entering the wheel 
Final state leaving the wheel 

The isenthalpic hypothesis concerns the phenomenon of adsorption and so therefore w must take 
into account the heat of sorption (desiccant characteristic) noted Ls in our model. This hypothesis means 
that all the heat of sorption is transferred to the moist air, which gives : 

ha2 = ha1 + Ls.(wal-wa2) - L.(wal-wa2) 

ha2 - ha1 = (Ls - L).(wal-wa2) 
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The heat of vaporization of water (2500 kJlkg water) and the heat of sorption of the material are close to 
each other (at least for the particular mediums actually used) which makes the tern1 (Ls - L) small. In this 
particular case, the isenthalpic hypothesis, used for the phenomenon of adsorption can be applied 
to air treatment. But on the other hand, if the value of heat of sorption of the material is higher (as it is 
for molecular sieves) we must consider the term (Ls - L).(wal - wa2) and calculate the valiation of 
enthalpy. 

As mentioned above, heat is transferred from the regeneration air stream to the supply air stream so that 
in practice the process is not enthalpic. The technologies employed, in particular those to assure good 
airtightness between the two air streams, enable isenthalpic efficiencies in the order of 0.95 to be 
achieved (see for example [STIE95] and [BURN85]). 

In the model, this efficiency value is accounted for by the follam'ng relationship: 

This efficiency takes into account the heat losses. The following table, constructed using manufacturers' 
data, shows that the efficiency defined in this manner varies only slightly with the intial state conditions. In 
the case study presented below the efficiency is held constant and is equal to 0.95. 

The standard AlCVF equations for moist air calculations are applied. These equations are represented by 
the following numbers : 

Regeneration air outlet heater conditions 

using equation 2 : 

Discretisation of the wheel i n  n successive layers 
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For each layer of the wheel 

lnlet conditions of process air 

lnlet conditions of regeneration air 

with equations 3. 5, 4 : 

Average temperature of desiccant material in equilibrium with process air 

11 Tmqi%Tai 

Average temperature of desiccant material in equilibrium with regeneration air 

l2 Tmd,i * Td,i 

Average humidity ratios of air in equilibrium with material in each layer 

Process air 
13 wm+i s w+i 

with equation 5 : 
ePsma,i e~s(Ta,i, wa,i ) 

Regeneration air 
14 wmd,i * wd,i 

with equation 5 : 

epsmd,i = e~s(Td,i, ~ d . i  ) 

Average water load factor of the material in each layer i 

La, the factor load of the material during the adsorption can be defined by the average quantity of water 
contained in the material, expressed in kg of water per kg of material. Ld, the factor load of the material 
during the adsorption, can be defined in the same way. Assuming that the equilibrium is effectively 
reached in both streams, f. (La - Ld) represents the unitary quantity of water transferred from the process 
air to the regeneration air. 
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For the M e e l  fraction in contact with the process air (adsorption): 

-C1 +,/(cI2+ 4.eps,,i .C2) 
15 La = 

2.C2 

For the M e e l  fraction in contact with the regeneration air (desorption): 

-C1 + ~(C12+4.epsmd,i .C2) 
16 Ld = 

2.C2 

Equations 15 and 16 are based on material modelling using expression type (d) as described at the 
beginning of the section. When other expressions are used, these equations should be modified 
accordingly. 

Moisture transfers 

Unitary moisture transfer during one revolution of the Mee l  

17 Mw.u = f.(La,i - Ld,i) 

Moisture transfer for all the th layers during one revolution of the Mee l  

Total moisture transfer for the ith layer 

Humidity ratios of both air streams leaving the fh layer 

Conduction exchanges between process and regeneration parts of the material (non-isenthalpic process) 

As described above, one can here introduce an enthalpic efficiency q to facilitate the calculation of 
equations 22 and 23. In the case of a material with a sorption heat M i c h  differs significantly from water 
vaporization heat, these equations should be modified as described above. 

Outlet air conditions 

with equations 22 and 23 : 

K.S.(Ta,i -Td,i) 
ha,i+l = ha,i - 

"'a,i 



IEABCS Annex Detailed Design Tools for Low Energy Cooling Desiccant Cooling Chapter A 

Outlet air temperatures 

with equation 2 : 

Ta,i+i =T(ha,i+l,wa,i+l) 

Outlet relative humidities 
with equation 5 

eP%,i+l =e~s(Ta, i+~,wai+l)  

Resolution in  the case o f  parallel flow 

On the first layer 

25 Thi=TaI 

26 wa,i = wa,l 

27 Tqi=Tdl 

28 wd,i ' "d,l 

Then, the problem can be solved in all successive layers up to layer n. 

Resolution in  the case of counter flow 

On the first layer: 
29 T%i = TaI 

30 wa,i = wa,l 

On the last layer: 

31 Td,n+l =Tdl 

32 w d . n + l  = W d . l  

A solver has to be used for the resolution of the successive layers: 
- guess initial values for the regeneration air characteristics in the first layer. 
-calculate all other layers 
-compare obtained regeneration air temperature and humidity ratio to imposed initial values on layer n. 
- guess new values for regeneration air characteristics in the first layer. 

Removed water 

33 ma.(wd.2 - wd.1) 

Process air temperature rise 

34 (Ta.2 - Ta.1) 

Energy balance 

35 P = P e + P a + P d + P w  

According to manufacturers data, fans energy rates are about 10 % of the regeneration power. 
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17. Algorithms I 
7.1 Parallel flow 

. Regeneration air outlet heater conditions 
Discretisation of wheel in n successive layers . lnitialisation of input values for first layer 
For each successive layer, for process and regeneration air streams 

lnlet conditions 
Average temperature of desiccant material 
Average water load factor of material 
Moisture transfer 
Conduction exchanges 
Outlet conditions . Output process and regeneration air conditions 

Total moisture removed 
Process air temperature rise . Energy balance 

7.2 Counter flow 

Regeneration air outlet heater conditions 
Discretisation of wheel in n successive layers 
lnitialisation of process air input values for first layer 
Guess output values for process air at first layer 
For each successive layer, for process and regeneration air streams 

lnlet conditions 
Average temperature of desiccant material 
Average water load factor of material 
Moisture transfer 
Conduction exchanges 
Outlet conditions 

Compare initial regeneration air guessed conditions and calculated values in layer n 
Guess new values and recalculate until convergence 
Output process and regeneration air conditions 
Total moisture removed 
Process air temperature rise 
Energy balance 
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/ 8. Flowcharts 

8.1 Parallel flow 

I Regeneration air outlet heater 
conditions (Equ. 6 & 7) 

7 
Wheel discretisation (Equ. 8) 

For layer 1 : 

Process air inlet conditions (Equ. 25, 26) 
Regeneration air inlet conditions (Equ. 27, 28) 

For other layers : 
Take the outlet values o f  the previous layer 

0 
lnlet conditions of process air (Equ. 3. 4. 5, 9) 

lnlet conditions of regeneration air (Equ. 3, 4. 10) 
Conditions of air in equilibrium with material (Equ. 11, 12, 13. 14) 

Average load factors (Equ. 15. 16) 
Moisture water transfer (Equ. 17, 18. 19) 
Conduction exchanges (Equ. 22.23, 24) 

+ 
Outlet conditions of process air (Equ. 2. 5) 

Outlet conditions of regeneration air(Equ. 2. 5) 
I 

Process air inlet conditions (Equ. 25. 26) 
Regeneration air inlet conditions (Equ. 27. 28) 

Total moisture removal (Equ. 33) 
Global temperature rise (Equ. 34) 

Energy balonce (Equ. 35) 
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8.2 Counter flow 

Regeneration air outlet heater 
conditions (Equ. 6 R 7) 

I in layer 1 (Equ. 8) 

for i =1 to n (layers) 
C I 

For la\er 1 : 
Process air inlet conditions (Equ. 29, 30) 

For other layers : 

Take the outlet values of the previous layer 
- 

t 
Inlet conditions of process air (Equ. 3, 4, 5, 9) 

Inlet conditions of regeneration air (Equ. 3, 4. 10) 
Conditions of air in equilibrium with material (Equ.11.12.13, 14) 

Average load factors (Equ. 15. 16) 
Moisture water transfer (Equ. 17, 18, 19) 
Conduction exchanges (Equ. 22.23. 24) 

- 

Outlet conditions of process air (Equ. 2. 5) 
Outlet conditions of regeneration air (Equ. 2.5) 

I 

Compare calculated ond imposed volues of 
regenerotion oir conditions in loyer n 

t 
Process oir inlet conditions (Equ. 25, 26) 

Regeneration air inlet conditions (Equ. 27, 28) 
Total moisture removol (Equ. 33) 

Globol temperature rise (Equ. 34) 
Energy balance (Equ. 35) 
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1 9. Source code 

These Excel Macros have been developed on a French version of Excel. 

They can be used on an English (or other language) version with some minor modifications, which can be 
automatically done using International Macros (see the Microsofl Excel User's Guide), or done by the user 
via about 10 instructions (select 'replace all' in the Edition menu). 

If the translation is not automatically done, here is the translation of relevant terms from French to English. 

I 
POSER VALEUR() PASTE VALUE() 

C I I ,  I IF(\ I 
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~ ' ( t  ; E) 
K e e p s -  
I -- I 
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t' : First estimation - 
Ithum-cad 
I 

/= thum 
! 
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1 10. Sample results 

The following pages give an idea of outputs which can be obtained with the model. 

Material performance 

Equilibrium relation - Silica Gel Syloid 63 - Modelling type (d) - 
C1=124,218 et C2=237,624 

0 0.004 0.008 0.012 0.016 0.02 

humidity ratio of air in equilibrium with material 

Reconstruction of performance curves 

The model permits reconstruction of the performance curves dose to those given by manufacturers. The 
above graph, validated by the model's results, illustrates the usual presentation of performance. 
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Influence of regeneration temperature 

The studied wheel works with a high regeneration temperature (120 "C), which can be regulated. This 
value is high partly because the regeneration air flow rate of is only 113 that of the treated air and partly 
because the primary function of this machine is not to optimise the exiting temperature but to assure high 
dehumidification. The study of machines with equal air flow rates lets one obtain a better 'energy 
efficiency' (from our point of view). 

The figure above displays the influence of the regeneration temperature on the dehydration capacity of 
the machine. We can see that for very high temperatures the capacity ascends asymptotically (at infinity, 
Ld = 0). 

For temperatures which are too low, the capacity decreases rapidly. One can see that at an optimum 
temperature Tdl there would be a significant drop in the energy consumption of the wheel. 
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Case Study 

Description 

The application considered is a meeting room situated in an intermediate story of an office building. The 
west facing wall is in contact with the exterior. The meeting room is occupied between 8:00 a.m. to 6:00 
p.m.. Monday to Friday. The internal gains (occupants, lighting. ...) are 30 W/m2 with a constant 
occupation of 30 people. Infiltration is estimated to be constant during the daytime at 0.3 ACh. One 
window (U=3.3 Wl(mY.K)) of 5 mz is situated on the exterior wall. 

The room has the following dimensions: 

h = 3 m floor to ceiling height 
L = 12.5 m lenth of the room 
I = l O m  width of the room 

The area of the ceiling is 125 mzand the volume of the room is 375 m3 

The wall composition (outside to inside) is given in the following table. The floor and ceiling are made of 
concrete slabs. 

Set-points : 
cooling setpoint temperature during occupation : 25°C 
humidity setpoint during occupation : 60% 

- 

Concrete 
Polysterene 

Plaster 

The dynamic simulations are produced by using the software COMFIE for typical summer weeks (SRY 
weather file) for the Carpentras weather station. 

Air treatment system 

thickness 

cm 
10 
8 

1.3 

Performance characterization for the desiccant wheel used 

The nominal wheel velocity is 8 revolutions per hour. The nominal air flow rates are : 

conductivity 

W/(m.K) 
1.75 
0.04 
0.35 

treated air flow rate da = 0.75 m3/s 
regeneration air flow rate dd = 0.25 m3/s 

  he wheel opening (defined by the ratio of the regeneration air section to the total size of the wheel) is 
0,25. 
The desiccant material used is made of High Perfomance Silicagel, for which we used the equation given 
by [MATH801 for the isotherms. At nominal conditions the mass of the wheel is estimated to be 26.7 kg. 

density 

kglm3 
2300 
40 
900 

Power consumptions are as follows: 

thermal 
capacity 

Wh/(kg.K) 
0.27 
0.33 
0.22 

maximum regeneration power 
treated air renewal fan power 
regeneration air fan power 
wheel driving power 

supply air fan power 

The regeneration energy source can be electric, direct gas or by water vapor. 
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Schematic o f  system principals 

The following figure is a schematic of the system. The system will operate at full fresh air. Direct and 
indirect evaporation cools the air in the system. Modelling equations for this equipment can be found in 
Chapter E of this report. 

Only a part of the return air flow rate is used for heating of the wheel. In reality the wheel operates with 
an opening of 25% which imposes a regeneration air flow rate equal to one third of the supply air flow 
rate. 

The humidifiers have efficiencies of 0.85 and the heat exchanger efficiency is 0.80. 

b Regeneration air 

A 
1-1 Tmd,wmd -1 - 

Heating .. .......... 

-1 
4 iheel C- ITal,walI 

Tma,wma Outdoor 
V 

IEC 

System control 

Traited air 
Heat Exchanger 

Schematic of installation principals 

ITa3,wa3) 

DEC 

The wheel posseses a thermostat that allows the user to regulate the intake air temperature for the 
regeneration air stream. The recommended temperature is 120 "C (this value is very high.and is not an 
optimal temperature, as we explained previously). For evaporative systems, the evaporation can be 
limited if the maximum temperature obtained afler humidification is too low. 

- 

Because it is tricky to optimize the air flow rates across the wheel, the wheel operates with constant air 
flow rates. The evaporative systems therefore also operate at constant air flow rates. 

For a correctly sized system the rebrn air condtitions are at the space conditions and are considered to 
be constant over the one hour time step. Similarly, the exterior conditions are considered constant over 
the one hour time step. 

For the hour considered we will assume continuous function : 
4 max = I l s  max . (q'a - q's min) 
n s  max corresponds to the nominal air flow rate produced by the fan at the entrance of the treated air 
flow stream in the wheel. 

The sensible loads. 4 real, provide air flow conditions at the needed rate : 
4 real = I l s  real . (q'a - q's needed) 

We can therefore calculate the running time of the system (expressed in YO), and furthermore the supply 
air flow rate required to meet the sensible loads. 

Remarks : 
1. We always assure a minimum air change of 2 vollh 
2. The operation corresponds to the regulation of the space temperatures using a thermostat or 

nothing at all. 



IEA-BCS Annex Detailed Design Tools for Low Energy Cooling Desiccant Cooling Chapter A 

3. If (ns  real > n s  max), the working time of the system has to be greater than loo%, therefore 
the obtained temperature and humidity are greater than the set-points. 

Results of simulations 

Calculated loads 

The following graph show the evolution of loads for a typical day. The ratio (latent loadsltotal loads) is 
usually less than 30% on average. Its therefore not a favorable case for desiccant air-conditioning. 

8 9 10 11 I2 13 11 15 16 17 

Hour 

Evolution of loads during a typical day 

Schematic representation of treated air transfonnations 

The models of the evaporative systems are presented in detail in Chapter E of this report. 

The following graph shows the evolution of treated air that sucessively crosses the desiccant wheel, the 
heat exchanger and the direct evaporative cooler. Note that the indirect evaporation is very efficient, 
because of the entry temperature for the treated air after the wheel (between 35 and 45 "C). 

Charactemation of the system performance 
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We define two COPS which correspond to the tm, extreme conditions (all electric regeneration, all 'free 
heat' regeneration). 

COP MIN = P cooling I (Pregeneration + P auxiliaries) 

The coolinq power is given by n s  . (q'a - q's) 
The aux~lm-r~es are composed of all the fans and the motor that powers the wheel 
Thls COP corres~onds to a total electrlc reqeneratlon wthout any recuperation of heat (the alr 1s st111 at 
40 - 50 "C at the boint d2 in before being rekased into the atmosphere): 

COP MAX = P cooling 1 (P auxiliaries) 

This version of COP brings us back to the ideal case where all of the heat necessary for the regeneration 
is free. 

The following figure demonstrates the evolution of the hvo COPS in the course of a typical day. The COP 
MIN is always in this case inferior to 1. On the other hand, the COP MAX can reach 4.5. 

Recall that the studied system functions with a regeneration air temperature of 120 'C, which is very 
taxing on the COP MIN. A temperature of 70 up to 80 "C is sufficient with equal air flow rates on each 
side of the wheel. 

Synthesis of results 

The synthesis of obtained results for a simulation week is presented in the following table. 
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For the week studled. there were only three hours for whch the set-polnt temperature was not attamed 
On averaae. the svstem 0~erated 67% of the tlme mth a sumlv alr flow rate of 4 48 ACllh. whlch mav be 
more acciptable ior the bccupants' comfort than the air 'flow rates common to evaporative syst&ns 
(around 8 AClh). 

The COP MIN is obtained by electrically driven regeneration and is not at an optimal condition (there is 
no heat regain after the wheel, so therefore the temperature levels at this point are still around 40 or 50 
"C). The average COP MIN value obtained, 0.80, agrees with those values found in litterature. The 
installation of the heat exchanger-recuperator considerably improves this value. Researchers presently 
working on new desiccant materials claim that an average performace of 1.7 can be achieved, as 
reported IEA Annex 28 report 'Review of Low Energy Technologies". 

The COP maximum corresponds to the case where the heat of regeneration can be supplied by a free 
wurce. 

Water consumption 

Water consumption attributed to indirect evaporation is practically constant during the day. In effect, the 
secondary air that is humidified is taken from the room and therefore is at the set-point temperature. The 
consumption of water by direct evaporative cooling varies. 

Required supply air flow rates 

By the study of the evaporative systems, we have shown that for the southem French climate, these 
systems are viable only with high fresh air flow rates (enabling increased the supply air temperatures to 
be used). The following figure represents the air flow rates necessary for a system with a wheel. It is 
noted that for the majority of the time an air flow rate of 5 vollh is sufficient. 
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Conclusion 

For electric regeneration the COP today is slightly inferior to one. The amelioration of material 
performance and optimization of cycles in the next few years should permit COP values to reach 1.7, as 
reported IEA Annex 28 report "Review of Low Energy Technologies". 

In cases where a free heat source is available, the COP could reach very high values (around 5 in our 
case of study, and up to 10 in most favorible situations). 
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1 1 Technology area 

This paper describes the development of computer routines and control strategies for combined solid 
desiocant and evaporative cooling systems and their implementation into the DOE-2.1E building energy 
simulation model. 
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1 3. General Descri~tion 1 

Th~s algor~thm has been developed to allow DOE-2.1E users to lnvestlgate the feas~b~l~ty of comblned 
dewccant and evaporatlve ooollng alrcond~t~on~ng systems 

In order to use the DOE-2.1E s~mulatlon software for dewccant and evaporatlve c d m g  systems described in 
Ftgure 1 the systems sub-program was moddied throuqh the use of DOE-2 1 E fundtons. DOE-2 1 E furdons 
allow FORTRAN like sub-routines to be inserted at sp&ified points in the DOE-2.1E algorithm. The fundions 
have access to DOE-2.1E variables at the function call location and may return values for specified DOE- 
2.1E variables back to the DOE-2.1E algorithm. To model the desiccant and evaporative equipment the 
functions DKTEMP-2 and SDSF-1 were used. The FORTRAN code entered for these functions are the 
programs DKTEMPDES and SDSFDES. 

A diagram shMng the system components of the simulated desicranvwaporativeoooling system and the 
corresponding psychrometric processes is given in F~gure 2 

As depicted in Figure 2, the simulated desiccanvevaporative cooling system has five main components as 
follows: 

1. Air mixing chamberlplenum 

2. Desiccant wheelleconomizer 

3. Indirect evaporative cooler 

4. Direct evaporative oooler 

5. Electric humidifier 

The following sections describe the algorithm of the implemented functions themselves (section 5) and 
the algorithm of the DOE-2.1E system subroutines in which the fundions are implemented (section 7). 
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14. Nomenclature 

Variable 

Area 
v 
AW 

E 

e 

h 

N 
R 
Q 
T 

TRP 

W 
WB 

Water 

desweight 
K 

D 

Vhce 

Subscripts 
active 
C 

d 
design 
e 
i 
installed 
ma 

max 
min 

gas 
0 

oa 

Description 

nominal face area of desiccant wheel 
air flow rate 

change in absolute humidity 

effectiveness of the air-air heat exchanger for the indirect 
evaporative cooler 
effectiveness of direct evaporative cooler (both for the stand- 
alone and the indirect) 
specific enthalpy of the air 

number of desiccant wheels 
ratio of air flow for a particular process to total air flow 
heat energy 
temperature 

mixed air temperature 

absolute humidity 
wet-bulb air temperature 

amount of water (water usage is sent directly to the output file 
in units of liters) 
fraction of hour that desiccant wheel is active 
K factor used to determine the heart carry-over from 
regeneration to dehumidification process 
intermediate dummy variable for desiccant process 

face velocitv enterino the desiccant wheel dehumidification - 
process 

Description 
desiccant wheels being used during the modelled hour 
cold side value for indirect evaporative cooler heat exchanger 
desiccant dehumidification process 
desiccant wheels needed for design air flow rate 
direct evaporative cooling process 
value entering process 
desiccant wheels actually installed in the system 

value for mixed air after the outdoor air economizer 
maximum value 
minimum value 

fueVgas 

value exiting process 
value for outside air 

English SI 
Units Units 

ftz m2 
ft3/min m3/s 

Ibwatdlbair kgwatefigair 

Btu kJ 

"F "C 

"F "C 

w e i r  kgwatefigair 
"F "C 
liters 

hour hour 

ra value for return air 
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Subscripts Description 

sa value for supply air 
slice time slice increment 

tot total fraction of time 
x indirect evaporative cooling process 

P immediately leaving the desiccant wheel, before mixing with non- 
dehumidified air stream 

design number of desiccant wheels needed for design airflow 

wheel desiccant wheel property 

grain absolute humidity in graindb 

prg purge air temperature used to cool desiccant material afler regeneration 

H electlic humidifier process 

h heat recovery process 

9 regeneration process 
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1 5. Mathematical Descri~tion 

Internally, DOE-2.1E uses English units exclusively, thus the mathematical description is presented in 
English units with SI conversions. All relevant conversions have been confirmed through the use of 
debugging print statements which have since been removed. 

Mixing the Air - Economizer 

The economizer routine is used as is from DOE-2.1E. DOE-2.1 E's economizer's routine may select the fresh 
air ratio (R) based on one of three control schemes selected by the user. These are: 

1. Constant. OA-CONTROL=CONSTANT 

2. Temperature. OA-CONTROL=TEMPERATURE 

3. Enthalpy. OA-CONTROL=ENTHALPY 

The condant control scheme specifies that DOE-2.1E will always mix return air and fresh air at a constant 
mixing ratlo. This ratio is specified by the user by diredly defining the fresh air ratio, or specifymg the fresh 
airflow DOE-2 1E wlll then calculate the fresh air ratio based on the design airflow and fresh airflow. 

The temperature and enthalpy control schemes allow DOE-2 1E to determme each hour the optlmum fresh 
alr ratlo based on the relatwe temperature or enthalpy ofthe return and fresh alr flows Dependma onwh~ch 
is chosen. DOE-2.1E will choose a fresh air ratio that produces a mixed air condition with ihe lowed 
temperature or enthalpy. Concurrently. DOE-2.1E must satisfy the minimum fresh air requirements of the 
building. The minimum fresh air requirement of the building is entered into the DOE-2.1E system input file 
through one of a number of methods [I]. The user may specify an actual minimum fresh air ratio, or a fresh 
airflow value in m31hr or CFM. If the fresh air ratio is specified, this becomes R,, ; if the user specifies a 
fresh airflow value then DOE-2.1E calculates &, each hour based on the airflow rate demand for that hour. 
ensuring that the minimum fresh airflow is supplied to the building. The two possible values for R are Rmn 
and R,, .this last value corresponding to 100% fresh air. 

At the DKTEMP-2 function insertion point. DOE-2.1E has already determined the mixed air temperature 
using the economizer control scheme defined by the user. The mixed air temperature is available for the 
DKTEMPDES function however. the mixed air humiditv is not. nor is the ratio that DOE-2.1E used to 

~ ~ 

calculate the mixed air temperat"re available. s ow ever: the two possible values for the fresh air ratio are 
available. R,, and R,, To determine which value was used the DKTEMPDES fundlon uses a temporary 
variable from the DOE-2.1 E algorithm to determine the fresh air ratio. This var~able is TRP. TRP has been 
used in DOE-2.1-E in the temperature or enthalpy optimization step, to calculate the temperature 
corresponding to the minimum fresh air value. R,. 

The DKTEMPDES subroutine determines the fresh air ratio used by comparing the mixed air temperature. 
T,, the calculated economizer outlet temperature, to the temporary variable used in the DOE mixing 
algorithm TRP. 

If TRP=T, then R=R,, (the minimum fresh air value) 

else R=R,, (100% fresh air) 

The mixed air absolute humidity ratio is then determined by: 
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Where the SDSFDES routlne IS implemented (the SDSF-I fundlon call) mixlng of the alr IS not requ~red as 
DOE-2 1E has stored the mlxed air ratlo ( R )  and the mfxed air absol~te humlditv ratlo (W,) has been 
calculated and is available to the SDSFDE~  ioutine without the need for extra cal&lationi. 

Desiccant Wheel Dehumidification Process 

The equations governing the desiccant dehumidification process come from regression analysis of 
manufacturer's performance curves. The algorithm is capable of simulating one or more desiccantwheelsof 
the volumetric capacity specified by the user. The desiccant wheel module will dehumidify the fractionofthe 
total supply air specified by the user defined parameter Rd. or desiccant fraction. The user enters values for 
N,.,,, and Ni,,,.ll.,, from which DOE-2.1E calculates the resulting desiccant fraction, &. The selection of 
Ndmisn. and NimtaMo is described in the Algorithm section. The value for Rd is mnstant for all airtlow rates 
calculated by the variable air volume system. 

As the airflow demand of the system varies, the number of wheels used to dehumidify the air is optimized so 
that the desiccant wheels are operating near their design airflow rate. The number of wheels to be used for 
the present hour is then: 

' + 0.9 truncated to the integer N . c w  = R d 0 -  
VWhrr l  

This will allow 10% over the design airflow per wheel before an additional wheel is requested. 

The algorithm is designed to calculate the desiccant dehumidifier exiting conditions based on the proQssair 
inlet temperature, humidity and face velocity. The entering temperature and humiditymrrespondto point b in 
Figure 2. The face velocity for each wheel is then: 

- V m  R d  
VJon - 

N,.,~ Area 

The following equations are for the specific wheel modelled in the example code supplied in the Souroe Code 
section. The reactivation air temperature for the modelled desiccant wheel is fixed at 250"F(12I0C). The user 
may replace these equations with their own for the wheel to be modelled. The process exiting temperature 
and absolute humidity must be returned to avoid errors. 

The regression equations for the modelled wheel require that the absolute humidity be in unitsof grainslb. 
therefore: 

The exiting absolute humidity is calculated from the following pair of equations: 
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The exiting temperature is then determined with a series of three equations: 

T ,  = 204.75+0.0758*Wp,. 

T~~ = ~ d , + 0 . 6 2 5 * ( ~ ~ , , . - 7 0 0 0 *  w , ) + K * ( T ~ ~ -  T ~ , )  

Or in SI units: 

T~~~ = 95.99 + 294.66 wd, 

At this point the process air exiting temperature and humidity have been calculated. This corresponds to 
point c in Figure 2. If the user has decided to model a different desiccant wheel they must return the 
temperature and humidity values in OF to the algorithm at this point. 

After the process air has been dehumidified it is reintroduced to the nondehumidified air. The mixing ratiois 
defined by the desiccant fraction R,. The properties of the air at point d. Figure 2 are then: 

Indirect Evaporative Cooler 

The indired evaporative m l e r  is modelled as two separate mmponents. The first mmponent is a dired 
evaporative cooler which acts on the ambient outdoor air. This cooled air is then used as the cold side of an 
air to air heat exchanger which sensibly m l s  the process air. The two mmponents are modelled using 
effectiveness ratios, thus the process air temperature exiting the indirect evaporative moler is: 

The indirect evaporative cooling process is sensible only, therefore the exiting humidity is the same as the 
entering humidity. 

The change in the absolute humidity of the cooling air through the direct evaporative moler component is 
calculated for determination of the water usage by the evaporative cooler. Toacxomplish this, thecold side 
temperature is calculated and the process is assumed to be isenthalpic. Thus the humidity of t h e d d  sideair 
exiting the direct evaporative cooler and entering the heat exchanger is found using a root solver. 

The enthalpy of the air entering the indirect evaporative m l e r  on the cold side is: 

h, = 0.24. T ,  + (lO6l.O+O.444 T,)* W ,  

or in Sl units: 
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h,= 1.006-~,+(2501+1.77~*T,)*W, 

The temperature on the cold side of the heat exchanger is then: 

T , ~  = T,,. - e f T ,  - WBJ 

The root solver must then be used for the value W,,that yields the root of: 

hx-0 .24*T ,+(1O61 .0 t0 .444*T , , ) .~ ,=  0 

in SI units: 

h, - 1.006. ~,+(2SOl+l.775*T,)* W ,  

The change in humidity through the direct evaporative cooler component of the indirect evaporatwe moler is 
then: 

AW,=W,-W, 

This value is later used in the calculation for water usage. 

Direct Evaporative Cooler 

Thedirect evaporativecooler is modeled similarly to the direct evaporative moler component of the indired 
evaoorative cooler. The difference is that the Drocessair is beina cooled instead of the ambient outdoor air. ~. 
The temperature leaving the direct evaporati;e cooler is: 

- 

Again the root solver is used to determine the exiting absolute humidity of the process air. The change in 
absolute humidity is stored to be used later to determine the water usage. 

Electric Hurnidifer 

The electric humidifier model assumes that the unit has the capacity to satisfy the latent heating load for any 
air flow rate. If it is calculated that the return air relative humidity value is below the minimum humidity set 
point, then the return humidity is reassigned the value of the minimum humidity set-point. The humidity 
exiting the humidifier needed to achieve this is then calculated using: 

The mixed air value using the new return air humidity value is then: 

The energy consumed by the eleclric humidifier is then calculated as the latent heat of vaporization needed 
to raise the humidity value of the process air for the air flow rate: 

or in SI units: 
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Detr3Tni~tion of the final return air (building) humidity 

This is only used in the SDSFDES routine (at the DOE-2.1 E function inseltion point SDSF-1) where the final 
building humidity level (i.e. the return air humidity) is calculated. 

If the fans were on for the hour and cooling was performed then the return air is: 

W, = W ,  + Whd 
If the fans were not on: 

w,=w,+w/,, 

Desiccant Wheel Regeneration Process 

To avoid recalculation from the iterative loops, the regeneration process and energy calculations are n d  
performed until just prior to exiting the SDSFDES function. This calculation models the heat recovery from 
the regeneration air exhaust as well as the gas consumption of the indirect air heater and the el&rical 
consumption of the regeneration fan. 

The airflow required for regeneration is determined by an equation supplied by the manufacturer. If the user 
has modelled another desiccant wheel, this equation must be replaced with the appropriate relationship. 

For the presented model the regeneration temperature is fixed at T,,=29J°F (121.1°C) and the 
manufacturer's design procedure specifies that the exiting temperature from the regeneration side of the 
wheel is T,.=120°F (49°C) for all conditions. This assumption agrees well with the manufadurer's own data 
within t1"C for all reasonable conditions. 

The heat recovery unit, an air to air heat exchanger, recovers heat from the regeneration air stream leaving 
the desiccant wheels. The air temperature leaving the heat recovery unit is therefore: 

Again, if the user specifies another desiccant wheel, then they must determine their own value for T,, 

The regeneration air stream is then heated in the regeneration air heater. The air heater is a gas fired. 
indirect air heater that heats the air to the regeneration air temperature. For the desiccant wheel modelled 
here, the regeneration temperature is fixed at 120°C (250°F). The heat energy of regeneration for the 
modeled hour is then: 

v,  Q, = -- (h,, - h d  60 desweight 
Vswnd 

or in SI units: 

v, Q, = -- (h,, - hh) desweight 
V I W ~  
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where: V,,,,,=13.3 ft3/lb (0.830 m3/kg), the specific volume of standard air 

and the enthalpy values are determined by the function: 

h(T,W)=0.24*T+(1061+0.44*T)*W 

or in SI units: 

h(T,W)=1.006~T+(2501+1.775*T)~W 

The amount of gas energy consumed by the air heater is then: 

The conversion of gas energy to utility units is lefl to DOE-2.1E and user inputs 

Water Consumption o f  the Evaporative Coolers 

The water usage is calculated using the change in absolute humidity in the evaporative coolers that were 
calculated earlier. For the indirect evaporative cooler the consumption of water is: 

Water, = A W,*Vrat 

and for the direct evaporative cooler: 

Wder,  = A W ,  ' Vt0, 
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17. DOE-2.lE System Program Algorithm 1 
DOE-2.1E simulates the installed system equipment hourly. It uses the outdoor weather conditions and 
the load results for each hour to determine the action of the cooling equipment. It then simulates the 
subsequent effect on the space and the energy consumed by the modelled equipment. In single supply 
air duct systems (e.g.. system-fype VAVS and PVAVS). DOE-2.1E models the effed of the cooling 
equipment in two locations in the algorithm, DKTEMP and SDSF. The DKTEMP subroutine determines 
the supply air temperature that is achievable using the cooling equipment. It models the cooling 
equipment from the mixing of return and fresh air, to the delivery of the process air to the supply fan. 
The temperature value of the supply air is passed on to the TEMDEV routine where the flow rates to 
each zone of the VAV system are determined. TEMDEV also determines the zone temperatures 
achieved for the hour. The flow rate is determined by proportional thermostatic control (mntmlinpuf 
variable, thermostatic proporlional). The return air temperature is calculated as the average weighted 
value of the return air from all the zones. The supply air flow is then summed from the flow rate demand 
from each of the zones. The values for the air flow rate and the return air temperature are then used by 
the SDSF routine to calculate the system cooling equipment again. In the SDSF routine the building 
latent load and cooling effect is calculated as well as the energy performance of the equipment. 

7.1 Input File Parameters Needed to Use the Inserted Functions 

Some system file variables must be specified as follows for the computer model to perform as expected. 
Failure to set these variables can have unexpected results. 

The system specified must be of the single deck type. The single deck system types call on the SDSF 
subroutine where the SDSFDES function is inserted. Single deck types that have been tested by the author 
are the Packaged Variable Air Volume System (PVAVS) and the Variable Air Volume System (VAVS). 
Although other singleair deck systems may be specified, the results should be carefully checked by the user 
to determine that the model has performed as expected. Inserting a function into SDSF modifies all the 
systems using it. Therefore, multiple single deck systems should not be modelled unless the user desiresthat 
all the systems make use of the DKTEMPDES and SDSFDES functions. 

The cooling coil size (system input variable, systemfype) must be specified in the M)E-2.1 E system input file 
to a negligible value. If no cooling coil is specified, or if its size is specified to be zero. DOEZ.1E will 
automatically size Me coding coil and employ it in the DKTEMP subroutine. This would seemingly be an 
asset. as a combination desiccantlevaoorative. direct ex~ansion coil svstem could be modelled. However. . ~- ~ ~ ~ 

the SDSFDES function is inserted in the DOE-2.1~ algo;ithm at the SDSF-1 fundion call, after the cooling 
mils are calculated. The SDSF subroutine will calculate the coolina effect of a wolina coil reaardless of the ~~ ~~- 

specified size of the coil: Therefore the input file must also specify &at the cooling eq;ipment~sliseduled to 
be off. This is set in the moling-schedule of the DOE-2.lE input file. 
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7.2 Control Variables for the Inserted Functions 

The two functions, DKTEMPDES and SDSFDES model theeffedsof the cooling equipment as dictated by 
the control variables that are set by the user. These control variables allow the user to set several 
parameters to control the cooling process. 

Humidistat Control of the Desiccant Dehumidifier and Electric Humidifier 

The maximum humidity level set by the user in the DOE-2.1E system input file controls the activation of 
desiccant dehumidification of the supply air. Similarly the minimum humidity level set by the user will 
activate the electric humidifier. The desiccant wheel will also become active if the return air humidity is 
above the user specified maximum humidity allowed in the building. This value is set in the DOE-2.lE 
system load file. The minimum allowable humidity may also be set, and the electric humidifier will control 
the minimum humidity according to the value set in the system input file. The system input file variables 
are MAX-HUMIDIW and MIN-HUMIDIWrespectively. 

Supply Air Temperature Control 

The user must specify the minimum and maximum temperatures for the supply air that the system will 
allow T,. IS the mtntmum supply atr temperature that the evaporattve coolers w l l  cool the supply alr lo 
It tseautvalent, and should be set to the same value as the MtN-SUPPLY-T vanable in the DOE-2 1E 
system input file. T,, represents the maximum temperature that will be allowed without the desiccant 
dehumidifier becoming active. If, afler the evaporative cooling the air temperature is above T,,, then 
desiccant dehumidification will be increased until the air temperature is below T,. By increasing the 
amount of dehumidification, the wet bulb depression is increased so that the evaporative coolers may 
achieve a lower exiting temperature. 

Ratio of dehumidified air 

The desiccant wheel routine will model the dehumidification of the fraction of total supply air specified by the 
user. This desiccant fraction, or &is calculated by the algorithm from the user entered parameters Nd,,, 
and N,,,,,,,. To obtain values for N-,, and N,,,.,., the user must select a size for the desiccant wheel($. 
The face area of the wheel is dependent on the size of the wheel selected and therefore must be entered into 
the algorithm by the user so that the face velocity may be calculated. For the desiccant wheel modelled in 
the Source Code section, the design face velocity is 800 Wmin (4.1 mls), therefore the design airflow 
capacity of the wheel and face area are related by the equation: 

or in SI units: 

vuherl = Area 4. I :  

Once the user selects the size of the wheel the number of wheels needed to accommodate the design air 
flow rate of the system, Nmm must be entered. The value of N,,,, calculated by the user is: 
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The resultino N,,,, mav not be an inteaer value. However. the actual number of wheels installed in the 
system is dei lnZLy the desiccant fraction, or Ra. The optimum value for Ra may be determined through 
parametric studies. The actual number of wheels that are present in the system is then: 

As Nimtdld is the actual number of wheels that is modelled in the algorithm, it must be an integer value. The 
user may therefore: 

1. Round the value calculated for N.,, to the nearest integer. As N&in and NdWi, are the values that are 
entered into the algorithm, then the resutting Ra value may be different than the usefs original intention. 

2. Judiciously size the desiccant wheel to obtain Nsdim and Nhi, valuesthat produce thedesired desiccant 
fraction of Rd. If an emnomic study is to be pelformed, it is remmmended that the user choose a 
desiccant wheel so that a reasonable estimate can be made of its capital cost. 

Note: The number of wheels that are active for me aifflowrequired for m e  moddledhwris N- The 
calculation of N- is described in me Mathematical Description. 

Time slice for activation of desiccant wheels 

To better model the desiccant wheel the model is capable of working within the modelled hour interval 
that DOE-2.1E uses. To do this the model will calculate two supply air temperature and humidity values, 
one with the desiccant wheels active and one without. The supply air delivered to the buildina for the 
modelled hour will then be a weighted average of these two conditions. The weighted average is arrived 
at bv usina the time step entered bv the user. The weiohted averaae will be a even multi~le of the time 
stepwhi&must be an hteger diviion of an hour.  he-algorithm deternines the minimum amount of 
time the desiccant is needed to be active for the hour so that the maximum retum humidity and T, 
values are satisfied. The time step variable is entered in units of hours and the user should not enter a 
value less than the time required to complete one air change of the modelled building. 

Evaporative cooler and heat exchanger parameters 

Finally the effectiveness parameters for the direcl evaporative coolers and the air to air heat exchanger 
must be specified by the user in the DKTEMPDES and SDSFDES function code. 

Notes about DOE-Z.1E system input file 

In addition; the cooling system (COOLING-SCHEDULE) must be scheduled to be OFF for the entire 
simulation run. If COOLING-ON is scheduled then DOE will attempt to simulate the cooling mils before 
the desiccantlevaporative cooling system. Also the cooling coil capaaty (COOLING-CAPACITY) must be 
given a nominal value of 1, assigning a value of zero will cause DOE to automatically size the cooling 
coil, and make use of it. 
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7.3 The DKTEMPDES Function 

In the DOE-2.1E algorithm, the DKTEMP subroutine serves to determine the supply airtemperaturethat may 
be achieved with the air handling equipment. This temperature is then used for the calculations of heat 
addition and subtraction in the zones. 

Therefore the ourpose of the DKTEMPDES function is to calculate the suoolv air temwrature that is 
achievable by h e  desiccant and evaporative cooling equipment. The D K T E M P D E S ~ U ~ C ~ ~ O ~  receivesfrom 
DOE-2.1E the outdoor air conditions. and the mixed air temoerature exitina the fresh air emnomiser forthe 
present hour being modelled. In addition the values for the humidity, f l o i  rate and the absolute humidity 
increase of the building due to latent load are taken from the previously modelled hour. 

The DKTEMPDES function simulates the air handling equipment twice. The first time with desiccant 
dehumidification inactive; the second time with desiccant dehumidification active. Each loop stores the 
resulting supply air temperature and humidity. It also calculates the retum air humidity based on theprevicus 
hour's valuesfor latent heat load and volume flow rate. Then the weighted average of these two wnditionsof 
supolv air is calculated that satisfies the time step, the supply air temperature and return air humidity 

The calculated supply alr temperature 1s returned to the DKTEMP subroutme as ~ ~ ~ h l a n d w i  
be selected bv DKTEMP as the suoolv alr temwrature ITCI. orov~ded that the m l m a  w ~ l ' s  slze isdefined in ~ ~ . . . ,  - 
the system inbut file as 1 watt (sek'skction 7.1). 

7.4 Assigning Variables to DKTEMPDES from DOE-2.1E DKTEMP Subroutine 

The DKTEMPDES function is implemented before DOE-2.1 E calculates the cooling equipment specified in 
the inout file and after the ewnomiser calculates the mixed air temDerature. As the inout file must soecifv 
that the cooling coil size has a negligiblevalue (see section 7.1) the DOE-Z.IE cooling &iculations wiil have 
a negligibleeffect. In the DKTEMPDES function the TMMINvariable is taken from the DKTEMPsubroutine. 
This variable represents the coldest temperature that is exiting the ewnomiser equipment. The TMMlN 
variable must be returned to the DKTEMP subroutine. If TMMlN is less than the COOLSET-Tspecified in 
the system input file then the heat~ng coils will be employed to heat the supply air to the COOL-SET-T. The 
variables assigned from the DKTEMP suoroutme to the DKTEMPDES funct~on are tabulated below 

7.5 The SDSFDES Function 

The SDSF subroutine serves the DOE-2.1 E algoriithm by modelling the equipment, determining the building 
humtdlty level, and the energy consumption of the vartoussystem wmponentsof the atr handlmg equ~pment 
Before the SDSF subroutme ts called on DOE-2 1E has already modelled the heat extraction ratesfrom the 
zones based on the supply alr temperature calculated by DKTEMP. The retum alr temperature from the 
zones is therefore know? for the current hour bema modelled and 1s used bv the suoroutme The SDSFDES 
function accepts from the SDSF subroutine valuei for the mixed air temperature and humidity leaving the 
fresh air ewnomizer, the total latent heat gain for the zones serviced by the system, and the air flow 
demanded. 

The SDSFDES function first modelsthe air handling equipment withoutthe desiccant wheel being active. If 
the calculated return air humidity is above the specified maximum then the calculation is repeated with the 
desiccant wheel active. The function repeats the air handling calculations seeking convergence of two 
variables. 

The first convergence sought is the mixed air humidity. The supply air humidity is dependant on the entering 
mixed air humidity that is in turn dependant on the return air humidity and thus the supply air humidity. The 
function iterates the equipment performance until the value for W ,  converges. 
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The semnd convergence sought involves the new value for CFM. The temperature oflhe supply air obtained 
by the equipment in the SDSFDES function, may not be the sameas that calculated by DKTEMPDES. The 
air flow rate is therefore adjusted to deliver the same quantity of sensible cooling to the space. As the 
performance of the desiccant wheel is dependant on the face velocity, the loop is iterated until the air flow 
rate value mnverges. 

After the supply air temperature and absolute humidity are calculated, the gas wnsumption by the deu'aant 
wheel and the water used by the evaporative molers are determined. 

7.6 Assigning Variables to SDSFDES function from DOE-Z.1E SDSF Subroutine 

The SDSFDES funci~on is implemented at the end of theSDSF subroutine in the DOE-21E algorimm Thus 
DOE-2.1 E has alreadv calculated the svstem (e.q PVAW molina equipment. The input file must speclfv mat 
the COOL-SCHEDULE is set to off (&e &tiin 7.1) to ensure that no cooling will occur in the SDSF 
subroutine. If thisis not set then the SDSF subroutine will have already used the system d i n g  milsto cool 
the supply air temperature to the value set by the DKTEMP subroutine. TC. 

The variables received from DOE-2.1E into the SDSFDES function are tabulated in sedion 9. Any variable 
that is taken from the DOE-2.1E algorithm using the assign statement may be modified and will be returned 
to the DOEZ.1E algorithm with the new value. 
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1 9. Source code 

Specifvina the DOE9.1E svstem t w e  variables 

INPUT SYSTEMS INPUT-UNITS =METRIC OUTPUT-UNITS=METRIC 

0 
ZONES INFORMATION REMOVED FOR BREVTTY-------- 

5 
SUBR-FUNCTKINS DKTEMP-2 ='DKTEMPDES' 

SDSF-1 =SDSFDES' .. 

$ This statement (above) allows the indusion of the hrnctions 

$ Of note in the system is that the PVAV srjtem is s p e W  wfih 

$the cooling coil sized at 1W. (0 watt causes DOE to automatically 

$ size a coohg coip The COOLINGSCHEDULE is set to never allow cooling 

MAIN =SYSTEM SYSTEM-NPE =PVAVS 

ZONE-NAMES =(B-INTI .B-INT2,HALLB,STORAGE,GD-N1 .GD-WNW. 

GD-W.GD-SW.GDS1.GD-INT1.GD-N2,GD-E,GD-S2. 

GD-INT2,HALLG.FOYER.L2N1 ,L2-WNW,LZ-W.U-SW, 

L251  .U-INTI ,L2-N2,L2-E.L2-S2.U-INT2.HALLZ. 

U-BR.LUNCH.RECEPTION.PLENUM-IPLENUM-2. 

PLENUM-3,SPRINKLER.STAlRl ,STAIR2) 

PLENUM-NAMES =(PLENUM-1.PLENUM-2.PLENUM-3) 

COOLING-CAPACITY = I  

HEATING-CAPACITY =-270000 

MINSUPPLY-T = I3  

COOL-SET-T = I  3 

MAX-HUMIDIN =60 

MlNHUMlDlN 130 

COOL-CONTROL =CONSTANT 

COOLING-SCHEDULE =COOLaN-SCHED 

HEATINGSCHEDULE =HEATaN-SCHED 

OA-CONTROL =ENTHALPY 

FANSCHEDULE =FANS-I 

FANCONTROL =SPEED 

SUPPLY-STATIC =I02 

SUPPLY-EFF =0.675 

SUPPLY-MECH-EFF =0.75 

RETURN-STATIC =10.2 

RETURN-EFF =0.675 

NIGHTCYCLE-CTRL =STAY-OFF 

HEAT-SOURCE =HOT-WATER 

COOL-FUEL-METER =M3 

BASEBOARD-SOURCE =HOT-WATER 
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The DKTEMPDES Function 

FUNCTION NAME =DKTEMPDES .. 

$This fundion was wntten for DOE-2.1 E by: 

$Stephen L. Kemp 

$Technical Un~ersty of Nova Scot i  

$ Halfax, Nova Sw6a 

$Canada 

$ PO Box 1000 

$B3J 2x4 

$ (902) 420-2602 

$ kemps@tuns.ca 

$ 

$This function must be mseried at function call DKTEMP-2 

$ 

$This function wJI estimate the suppty aC temperature that will be supplied 

$ by the air handling equipment. As the return air temperature and return humaity 

$are not yet determined the vaiues hom the previous hour are used. The equQment 

$ is modeled so that the desiccant wheel is onty active h increments of 15 minutes. 

$The total amount of desiccant cooling win be that which will just satisfy me 

$ minimum supply hummy condition. The supply air temperalure for the desiccant active 

$versus no acWe desiccant wheel will be averaged b r  the hour. This shoukl albw 

$for a minimal amount of CFM adpsbnent between the DKTEMP and SDSF routines. 

$ 

$ H heating is needed then it will be called upon in the SDSF routine. 

$ 

$The ASSIGN statements link the Fund in  variables (lefl sae) to the DOE-2.1 E 

$ a$oithm MimbkS(qht SW When the fundion is wmpkted any changes to 

$these variables wil be rePeded h the DOE-2.1 E algorlhm. 

ASSIGN TMMIN=TMMIN IMO=IMO IDAY=IDAY IHR=IHR 

PASTWR=PASTWR DW=DW 

DBT=DBT WBT=WBT HUMRAT=HUMRAT PATM=PATM 

POMiN=POMIN POMAX=POMAX CFM=CFM 

WCOiL=WCOIL WRMAX=WRMAX 

TRP=TRP .. 
CALCULATE .. 

C- The MODE parameter defines the type of system to be modekd. 

C- Mode 1 DesiccanVlndirectlDired 

C- Mode 2 DesiccanVlndired 

C- Mode 3 IndirectlDirect 

C- Mode 4 Indirect 

C- Mode 5 Direct 

C- TMAKTMIN -me suppty temperature control parameters degC (will be 

converled to degF) 

C- WHEELS -me DESIGN number of wheel for the design airflow (user 
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C- calculated) 

C- INSTALLW - the number of wheek installed. NOTE: INSTALLWNVHEELS IS 

C- is the user defned parameter lor the desiccant hactan 

C- of the air to be dehumdW. IMSTALLW must be a 

C- posiihe integer. 

C- WHEELAREA - The face area of the sek ted  desiccant wheel. RA2 

C- CFMWHEEL - The design capacilyof the sek led  wheel. Must 

C- correspond to WHEELAREA, wfUmin 

C- TIME -Time step sekcted by the user, hour 

C- AUTO - BOOLEAN controlvariable, I set to 1 than model wll 

C- number of wheel to be u d  will vary wlh the demanded 

C- airtbw rate. If set to 0 the number of wheels u d  

C- will ahvay, be INSTALLW. 

C- EVAPEFF- The effectiveness of the evaporahe coolers 

C- EXEFF - The effeclivess of the indired evaporat* components 

C- heat exchanger. 

MODE=I 

TMAX=18 

TMIN=15 

WHEELS=5.333 

INSTALLW=4 

WHEELAREA=12.38 

CFMWHEEL=9903 

TIME=0.167 

AUTO.1 

EVAPEFF=O.9 

EXEFF=O.8 

C- Con=& the temperature control parameterr into degF from degC 

TMAX=(TMAX+273.15)9/5459.67 

TMIN=(TMIN+273.15)9/5-459.67 

C- Inihake lor catulating the hvo condilians, desiccant and no 

C- desiaant 

DESON=O 

C- The maximum albwabk supply air humdilyto meet the Btent bad 

WCMAX=WRMAX-DW 

C- M TRP = TMMlN then we know that 100% O/A is being used and 

C- therefore the maximum outs& air (POMAX) shouH be used eke the 

C- calculated minimum air Row ralio is used based on the prekhs  hour 

5 CONTINUE 

TDES=O 

TDIR=O 

TIND=O 
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TCOIL=O 

WCOIL=O 

IF ( TRP .EQ. TMMIN ) GO TO 6 

RATIO=POMAX 

GOT0 7 

6 CONTiNUE 

RATlO=POMlN 

7 CONTINUE 

WAIR=RATK)WUMRAT+(l-RATOrPASTWR 

WENTER=WAIR 

TAIR=TMMiN 

TENTER=TMMIN 

C- Calculate the suppty air for no desiccant active. 

IF ( DESON .EQ. 0 )  GO TO 20 

C-- THE DESICCANT WHEEL 

10 CONTINUE 

DESON=I 

C- The humidity Mlue is converted into grainsllb 

Wgrain=WENTER'7000 

TAIR=TMMIN 

C- Dummy variibk? from regresswn anatps 

D=0.002072'Wgrain'Wgrain+O.O058147AIR7AIR 

1+0.003193'Wgram7AIR-0.08758'Wgran4.502837AIR+9.94773 

C- The face wbnfy 6 determind for the S-30 wheel, where me nominal 

C- area is 12.5 R*2 

IF (AUTO .EQ. 1 )ACTIVE=CFM'(INSTALLWNVHEELS)/CFMWHEEL 

IF (AUTO .EQ. 0 ) ACTIVE=INSTALLW 

ACTNE=INT(ACTIVE+0.9) 

IF ( ACTNE .GT. INSTALLW ) ACTIVE=INSTALLW 

FV=CFM'(INSTALLWNVHEELS)I(ACTIVEWHEELAREA) 

C- The face vebcity and dummy banable determine the eding humidity 

WP0=(0.W004104'D'D-C.OOOO5313oF\rFV+OOOOO4644~D~FV 

1+0.69491'D+0.07842'FV-24.8076)n000 

C- Leahg  Purge air temperature 

TPRG=204.75+0.0758Wgram 

C- K-FadOr 

K=-2.1964EGWgram'Wgrain+l.5714E-7*FVTV-3.8982E-7'Wgrah'FV 

l+8.6032E4Wgrain-2.3875E4-4FV+O01 1045 

C- The outlet temperature 

TPO=TAIR+0.625'(Wgrain-WP07000)+K"(TPRG-TAIR) 

TAIR=TPO'INSTALLWNVHEELS+TAiR*(1-INSTALLWNVHEELS) 
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C- The required purge air volume 

C- End of the desiccant mutine and beginnhg of the evaporative 

C- WOkrS 

C- The indirect evaporative cook.  

C- The indirect evaporative cooler cook h e  a i  using 

C- ouhioor ambient air and therefore the wetbub depression 

C- is wlh respect to the outdoor wemulb temperature. 

20 CONTINUE 

IF ( MODE .EQ. 5 ) GO TO 30 

IF ( TAIR .LT. TMIN )GO TO 70 

T=TAiR-€XEFF'(TAIRDBT)-€XEFF'EVAPEFF'(DB) 

IF ( T  .GE. TMlN )GO TO 22 

TAIR=TMIN 

TlND=TMlN 

WIND=WAIR 

GO TO 70 

22 CONTINUE 

TAIR=T 

TIND=TAIR 

WIND=WAIR 

IF ( MODE .EQ. 2 ) GO TO 70 

IF ( MODE .EQ. 4 ) GO TO 70 

IF (TIND .LT. TMlN )GO TO 70 

C- THE DIRECT EVAPORATM COOLER 

30 CONTINUE 

ENTHALPY=H(TAIR,WAlR) 

TwMlR=WBFS~lR.WAlR,PATM) 

TAIR=TAIR-EVAPEFF'(TA1R-TwBAIR) 

TDIR=TAIR 

IF (TDIR .GT. TMlN ) GO TO 31 

TAIR=TMIN 

TDIR-TAIR 

C- The mot s o h r  

31 CONTINUE 

HTEST=H(TAIR.WAIR) 

32 IF (HTEST.GT.ENTHALPY7 GO TO 33 

WAIR=WAIR+O.OOI 

HTEST=H(TAIR.WAIR) 

GO TO 32 

33 CONTINUE 
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34 IF (HTEST.LT.ENTHALPV GO TO 35 

WAIR=WAIR-0.0005 

HTEST=H(TAIR.WAIR) 

GO TO 34 

35 CONTINUE 

36 IF (HTEST.GT.ENTHALPV GO TO 37 

WAIR=WAIR+0.00001 

HTEST=H(TAIR,WAIR) 

GO TO 36 

37 CONTINUE 

WDIR=WAIR 

GO TO 70 

70 CONTINUE 

IF ( DESON .EQ. 1 )GO TO 71 

TAIRNODES=TAIR 

WNODES=WAIR 

DESON=I 

GO TO 10 

71 CONTINUE 

TAIRDES=TAIR 

WDES=WAIR 

DESWEIGHT=O 

C-- Calculate the traction of hour desiccant dehumdfication is needed 

C- and store the process a i  temperature TAIR, in the supply air temperature 

C- TC variable lor the DKTEMP subroutine. 

72 CONTINUE 

WAIR=WDES'DESWEIGHT+WNODESo(l-DESWEIGHT) 

TAIR=TAIRDES'DESWEIGHT+TAIRNODES'(l-DESWEIGHT) 

IF ( W A R  .LE. WCMAX .and. TAIR .LE TMAX ) GO TO 75 

IF ( DESWEIGHT .GE. 1 )GO TO 75 

DESWEIGHT=DESWEIGHT+TlME 

GO TO 72 

75 CONTINUE 

IF ( DESWEIGHT .GE I ) DESWEIGHTX1 

IF (MODE .GE 3 ) DESWEIGHT=O 

TAIR=TAIRDES'DESWEIGHT+TAIRNODES'(l-DESWEIGHT) 

WAIR=WDESQESWEIGHT+WNODESS(l-DESWEIGHT) 

80 CONTINUE 

90 CONTINUE 

WCOIL=WAIR 

IF ( TAIR .LE. TMlN ) TAIR=TMIN 

TCOIL=(TAIR+459.67YI .8-273.15 

TMMIN=TAIR 
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9.1 Nomenclature for DKTEMPDES 

Variable Description Units 

ACTIVE 

AUTO 

CFM 

CFMWHEEL 

D 

DBT 

DESON 

DESWEIGHT 

DW 

ENTHALPY 

EVAPEFF 

EXEFF 

FV 

HTEST 

HUMRAT 

INSTALLW 

K 

MODE 

PASTWR 

PATM 

POMAX 

POMlN 

RATIO 

T 

TAIR 

TAIRDES 

Number of desiccant wheels active for the hour 

Boolean control variable: 1 for automatically choosing the number of 
active desiccant wheel for the hour. 0 for constant. 

The air flow rate for the hour. Taken from DOE, modified if the supply 
air temperature changes. 

The design air flow capacity of the desiccant wheel 

Intermediate variable used to calculate the dehumidification process 

Outdoor dry bulb temperature taken from DOE-2.1E 

Boolean variable: 1 for desiccant wheels active 0 for inactive 

The fraction of an hour the desiccant wheels are active 

The increase in the building absolute humidity due to latent loads 

Enthalpy value for the air 

Effectiveness of the evaporative coolers 

Indirect component, heat exchanger effectiveness 

Face velocity of air on desiccant wheel 

Enthalpy value, used in root solver 

Outdoor absolute humidity value 

Number of desiccant wheels installed 

K factor, used to determine the heat carry over from the regeneration to 
dehumidification process 

Mode of operation for the algoriihms 

Previous hour return air absolute humidity 

Ambient air pressure, taken from DOE-2.1E 

Maximum value for fresh air ratio, taken from DOE-2.1E 

Minimum value for fresh air ratio, taken from DOE-2.1E 

Actual fresh air ratio 

Temperature value used in root solvers 

Process air temperature 

Process air temperature for no desiccant dehumidification used 

ft'lmin 

ft3/min 

"F 

I L t d l b a i  

Btullb 

fVmin 

Btullb 

Ibatd1b.i 
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Variable Description Units 

TAIRNODES Process air temperature for desiccant dehumidification used 

TDES 

TDlR 

TENTER 

TIME 

TlND 

TMAX 

TMlN 

TMMlN 

TPO 

TPRG 

TRP 

TWBAIR 

WAlR 

WBT 

WCMAX 

WDES 

WDlR 

WENTER 

WGRAIN 

WHEELAREA 

WHEELS 

WIND 

WNODES 

WPO 

WRMAX 

Air temperature after mixing with the dehumidified and non 
dehumidified air 

Air temperature after the direct evaporative cooler 

Saved value of the DOE-2.1E air temperature input into the function 

Time step parameter 

Air temperature after the direct evaporative cooler 

Supply temperature mntrol parameter, maximum temperature 

Supply temperature mntrol parameter, minimum temperature 

Air temperature received from DOE-2.1E DKTEMP sub-routine. 
returned as the new temperature after desiccant evaporative cooling 

Air temperature leaving individual desiccant wheel and before mixing 
with non dehumidified air. 

Purge air temperature for the desiccant wheel 

Temporary variable used by DOE-2.1E to determine the fresh air ratio 

Process wet bulb temperature 

Process air absolute humidity 

Outdoor wet bulb temperature 

Maximum value that the supply air may be and still satisfy the latent 
cooling load 

Absolute humidity leaving the desiccant mmponent 

Absolute humidity leaving the direct evaporative mmponent 

Saved value for the absolute humidity enteling the cooling equipment 

Absolute humidity in grainsnb for the desiccant process regression 
equations 

Face area of the desiccant wheel's process side 

Number of desiccant wheels needed for the design air flow 

Absolute humidity leaving the indirect evaporative mmponent 

Process air humidity for no desiccant wheel dehumidification 

Absolute humidity leaving the desiccant wheel before re-mixing with the 
non dehumidified air stream 

Maximum return air absolute humidity allowed, taken from DOE-2.1E 

OF 

"F 

hour 

"F 

'F 

"F 

"F 
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9.2 The SDSFDES Function 

FUNCTION NAME =SDSFDES .. 
$This function was wrtlen for DOE-2.lE by  

16 Stephen L. Kemp 

$ Technical University of Nova Scot's 

16 Halifax. Nova Sw6a 

16 Canada 

16 PO Box 1000 

16 B3J 2x4 

16 (902) 420-2602 

16 kempsl@tuns.ca 

16 
$This function must be inserted at functwn call SDSF-I 

16 
16 This functwn wll determine the humaity ram kaving the air handling equipment 

16 as well as me amount ofenergy elpended m me process it does this by calcubtng 

$the exling wnditions of the supply air afler being processed by the cooling 

$ equipment. A second bop ofthe air handling equipment is then calculated using 

$the newlycalcubted return air humdityvalue for the present hour. This is repeated 

$ untilthe humany value dfference is bss man 0.0001 kglkg or 0.7 grainsllb 

$ 

$The system attempts to w o l  the a6 to at Bast TMIN. Should a temperature of at 

16 least TMAX not be achieved then me desiccant unit is used for a longer period of 

$ time. Humarty is controlled by a simpk two position humaistat that trggen the 

$ desccant wheel when it 6 needed as determined by the return humidw. 

$The desccant wheel may be reporled to be actire for fractions of an hour. 

$ Currently the algonthrn aLbws for these hourty fractions to be 15 minutes, however 

16 the manufacturer will need to be consutted before a final value is determined. 

$ 

$As this function bypasses the electric humak r  in DOE one is simulated here. 

$ ARer the 6nt bop, should the retum air be cakulated as bebw the minimum 

16 requirernentsthan the humaifier is activated. 

$ 

$The logic ofthe algorithm is to use indirecudired evaporative cooling to reduce 

16 the supply airtemperature. if the calculated return air humidly is abobe the rnax 

$ value men the calcubtwn is repeated using the desiccant unit. A weghbed value 

$ ofthe supply air condition is used to simulate partial hour adivatwn of the 

$ desccant unl. The weghted value uses both the resukfor desiccanV~ndirectldirect 

$ cooling and indirecVdirect cooling. The weighted values are simulated, as mentioned, 

16 to alow for the desiccant wheel to be active for rnuUiile values 1114 hour. 

$The ASSIGN statements link the Function variables (kR sae) to the DOE-2.1 E 

$algorithm variable (right a e ) .  When the function is compkted any changes10 
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$ these vambles win be reReded br Me DOE-2.1E algorithm. 

ASSIGN IMO=IMO IDAY=IDAY IHR=IHR 

PO=PO FON=FON HON=HON 

TR=TR WR=WR WRMAX=WRMAX WRMIN=WRMIN 

TM-TM WM=WM PATWPATM DBT=DBT WBT=WBT 

PASTWR=PASTWR HUMRAT-HUMRAT 

GW=GW F=F G-G DW=DW 

WCOIL-WCOIL CFM=CFM. RCFM-RCFM 

TC=TC WW=WW 

SKW=SKW FANKW=FANKW VENTKW=VENTKW SKWQC=SKWQC 

SCGAS=SCGAS QREG=QREG DGAS=DGAS COOLFL-COOLFL 

QHUM=QHUM COOLKW=COOLKW SKWQH=SKWQH AUXKW=AUXKW 

QREGP=QREGP .. 
CALCULATE .. 
C- The MODE parameter defines the type of system to be modeled. 

C- Mode 1 DeskcanVlndirecVDirect 

C- Mode 2 DesiccanVlndirect 

C- Mode 3 IndiredlDireci 

C- Mode 4 lndired 

C- Mode 5 Direci 

C- TMAX.TMIN -the supply temperature control parameteen degC (will be 

converted to degF) 

C- WHEELS -the DESIGN number ofwheel for the design a i h w  (user 

C- calculated) 

C- INSTALLW -the number ofwheek instakd. NOTE: INSTALLWMHEELS ir 

C- is the user defined parameter for the desiccant fraction 

C- of the air to be dehumidiixl IMSTALLW must be a 

C- posKm integer. 

C- WHEELAREA - The face area of the selected desiccant wheel. RA2 

C- CFMWHEEL - The deign capacity of the selected wheel. Must 

C- correspond to WHEELAREA, cufthnn 

C- TIME - Time step selected by the user, hour 

C- AUTO - BOOLEAN control variabk. if set to 1 than model will 

C- number ofwheel to be used will vary with the demanded 

C- airbw rate. If set to 0 the number of wheels used 

C- willahvays be INSTALLW. 

C- EVAPEFF - The effectkeness of the evaporative cooks 

C- WEFF- The effectkeness of the indirect evaporatm components 

C- heal exchanger. 

MODE=I 

TMAX=18 

TMIN=15 

WHEELS=5.333 
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INSTALLW=4 

WHEELAREA=I 2.38 

CFMWHEEL=9903 

TIME-0.167 

AUTO=I 

EVAPEFF=0.9 

EXEFF=O.I3 

C- The above parameters are to be identical to those found in DKTEMPDES 

C- REXEFF --The effectiveness of the heat recovery unh 

C- BEFF -The effi&ncy of the gas fred air heater used in the 

C- regeneration process 

C- EFREG - Regeneration fan static eficency 

C- RGHCPD -- Regeneration Heat Recovew Pressure Drop (in-Water) 

C- EFEVP- Indirect Evaporahe Cooler Fan Static Efficency 

C- EXPD- Preswre Drop (in-Water) across hdirect heat exchanger 

REXEFF=0.77 

BEFF=0.85 

EFREG=0.75 

RGHCPD=0.75 

EFEVP=0.75 

EXPD=0.67 

C- Converis me temperature control parameters into degF from degC 

TMAX=~MAX+273.15)'9/5459.67 

TMIN=(TMIN+273.15)'915-459.67 

C- lnltialhation vafiabks 

FINT=F 

FiNT=O 

DESON=O 

DESWEIGHT=O 

C- The supptj air humidify must fall beween lhese hvo values. 

WCMAX=WRMAX-DW 

WCMIN=WRMIN-DW 

C- Saw values for repeating the convergence loops 

WENTER=WM 

CFMOLD=CFM 

CFMNEW=CFM 

C- iieratbn count for debugghg ifconwrgenae does not occul 

ITER=O 

WERCH=O 

5 CONTINUE 

C- Iniliake variible for repeating loop 

TDES=O 

WDES=O 
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TDIR=O 

TIND=O 

WATDIR=O 

WATIND=O 

OREG=O 

TAIR=TC 

WAIR=WM 

LOOP=O 

OHUM=O 

ACTIVE=O 

REGPWR=O 

DESON=O 

DESWEIGHT=O 

C- If the fans are scheduled off then no woling lakes place and calculate 

C- me new humidity value in the space at line 100 

IF ( FON .EO. 0 )GO TO 100 

C- Ifa preMus bop determined that desiccant would be needed then 

C- ensure desiccant is used. 

IF ( DESON .NE. 0 )GO TO 6 

C- If no sensbb woling needed (ie. mixed ab temp bebw TMlN 

C- men wntinue and catulate !Ae new retum humidityvalue and determine 1 

C- humidity needs to be addressed 

IF (TM .LE. TMlN ) GO TO 70 

C- Check to see I sensibb cooling is needed, 1aRer performing evaporatne 

C- woling the humidity is too high then desiccant wheel will become a c t i .  

IF ( TM :GT. TMlN ) GO TO 20 

6 CONTINUE 

C- Desiaant wheel is to be active. First loop catulates the wndlons 

C- lor 114 hour, then 112 etc, until dehumidlflcation is adequate. 

DESON=l 

DESWEK;HT=DESWEIGHT+TlME 

IF ( DESWEIGHT .GT. 1.0) DESWEIGHT=I.O 

7 CONTINUE 

C- If not a Desiccant Dehurnidiatwn Mode got to i n d i i d  evap 

IF (MODE .GE. 3) GO TO 20 

C- If returning from evaporative cooling onty then return to top of evaporah 

C- woling onty 

IF (DESON .NE. 1 )GO TO 20 

C- Dehumidification has been determined to be needed. 

C- Catulate the return air humaity i the suppty air has been dried to the required humidity 

C- lwel to meet the latent woling requirements ofthe butding. 

C- Desiccant Equations for commercial Wheel 

C- The number of wheels to be a& for the modeled hour are determined 
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IF (AUTO .EQ. 1 ) ACTNE=CFMNEW'(INSTALLWIWHEELS)ICFMWHEEL 

IF (AUTO .EQ. 0 ) ACTIVE=INSTALLW 

ACTNE=INT(ACTlVE+O.9) 

IF ( ACTNE .GT. INSTALLW ) ACTNEzINSTALLW 

FV=CFMNEW*(INSTALLWIWHEELS)/(ACTNEWHEELAREA) 

C- The humidity n l ue  k. conbelled into graindlb 

Wgrain=WM7000 

C- Dummy variabk from regressan anawfi 

D=0.002072WgrainWgran+O.O058147M7M 

1+0.003193Wgrain7M-0.08758Wgrain-0.502837M+9.94773 

C- The lace velocily and dummy vaisble determine the enting humidily 

WP0=(0.00004104'D'D0.00005313'FVFV+0.0004644'D'FV 

1 +0.69491~D+0.07842'FV-24.8076)f7000 

C-- Leaving Purge air temperature 

TPRG=204.75+0.0758Wgrain 

C- KCactor 

K=-2.19MEbWgramWgrain+l.5714E-7'FV'FV-3.8982E-7'Wgrah'FV 

1+8.6032E-4Wgrain-21+8.603ZE-4Wgrain-Z.3875E-4'FV+0.110453875E-4-4FV+OOl 1045 

C- Water r e m o d  per wheel, to be added to the regeneratan air Wglhr) 

WDREM=(WM-WPO)'CFMNEW.(INSTALLWIWHEELS)I13.3'60~.2 

C-- The outlet temperature 

TPO=TM+0625'(Wgrain-WP07000)+K'(TPRG-TM) 

WDES=WPO'INSTALLWIWHEELS+WM+(t 4NSTALLWIWHEELS) 

WNODES=WM 

TA~RDES=TPO'~NSTALLWIWHEELS+TM'(I-INSTALLWIWHEELS) 

TAIRNODES=TM 

TPI-TM 

C- n l ue  for ouput* 

TDES=DESWEIGHT7AIRDES+(l-DESWEIGHT)7AIRNODES 

C- End of lhe desiccant routine and the beginning of the evaporatii 

C- wokrs. 

C- THE INDIRECT EVAPORATIVE COOLER 

C- The indirect enporatie cooler Ls a combination of direct evaporative woler 

C- and heal exchanger 

C- The indirst enporatme cooler cook the a r  using 

C- outdoor ambmnt air and therefore the wetbulb depression 

C-- is with respect to the outdoor wetbub temperature. 

C- There are two calcutatiins performed, wiih and wiihout the desixant 

C- so that a weghted n l ue  may be found later. If the desiccant system K 

C- off then the two wndtions are the same. 

20 CONTINUE 

IF ( DESON .EQ 1 )GO TO 22 

TAIRDES'TM 
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TAIRNODES=TM 

WDES=WM 

WNODES=WM 

IF ( MODE .EQ. 5 ) GO TO 40 

22 CONTINUE 

C- Cold sae direct evaporatw w o k r  exiing temperature 

TINDC=DBT-EVAPEFFqDBT-WET) 

THIN=TAIRDES 

C- Heat exchanger eReawnen is 0.8 and dir evap tooter is 0.9 (0.8*0.9=0.72) 

T A I R N O D E S = T A I R N O D E S - E X E F F ' ( T A I R N 0 D E S - D B T B T )  

TAIRDES=TAIRDESEXEFF'(TAIRDES-DBT)-WEFF%PEFF'(DBT-WBT) 

C- If indrea w o k r  wols a i  to bebw TMlN then Only w o l  to TMlN 

IF (TAIRNODES .LT. TMlN ) TAIRNODES=TMIN 

IF ( TAIRDES .LT. TMlN ) TAIRDES=TMIN 

C- Root Sok r fo r  lndiect Cookr 

C- This root sober fmds me absolute humidti value for the isenthalpt 

C- process of the integral direct evaporatiw w o k r  in me unb Thus the 

C- water usage may be determined. 

INDW=HUMRAT 

ENTHALPY=H(DBT.HUMRAT) 

HTEST=H(TINDC.INDW) 

23 CONTINUE 

IF (HTEST.GT.ENTHALPY) GO TO 24 

INDW=INDW+0.001 

HTEST=H(TINDC.INDW) 

GO TO 23 

24 CONTINUE 

IF (HTEST.LT.ENTHALPY) GO TO 25 

INDW=INDW-0.0005 

HTEST=H(TINDC.INDW) 

GO TO 24 

25 CONTINUE 

IF (HTEST.GT.ENTHALPY) GO TO 26 

INDW=INDW+0.00001 

HTEST=H(TINDC,INDW) 

GO TO 25 

26 CONTINUE 

C- Cakulate the temperature eljting the heat exchanger 

TCOUT=EXEFF'(THIN-TINDC)+TlNDC 

C- Caclulate the change in absolute humid* 

WATIND=(INDW-HUMRAT) 

TIND=DESWEIGHTTAIRDES+(l-DESWEIGHT)'TAIRNODES 

WIND=DESWEIGHTWDES+(l-DESWEIGHT)WNODES 
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C- U air temp is aboe TMIN men go on to direct evaporative cooling 

C- mndtion 

IF ( MODE .EQ. 2 ) GO TO 30 

IF (MODE .EQ. 4 )GO TO 30 

IF ( TIND .GT. TMIN ) GO TO 40 

C- The indirect w o k r  has reduced the air temperature enough. KDESON=l then 

C- what is the weghted average supply air mndlion. 

30 CONTINUE 

IF (MODE .GE. 3 )  GO TO 35 

IF ( DESON .NE. 1 )GO TO 35 

WAIR=WIND 

TAR-TiND 

WR=(WAIR+DW+FINT'HUMRAT+GW)/(l .O+FINT+G) 

C- Calculate the new mixed air mndition 

WMNEW=HUMRAT'PO+(l-P0)WR 

C- Check for conergence 

CONVERGE-ABSpVMNEW-WM) 

IF ( CONVERGE .LE. 0.0001 )GO TO 33 

WM=WMNEW 

WAIWWMNEW 

GO TO 7 

C- U return a i  is still too humid and wheel is not active for the entire 

C- hour then repeat wlh wheel active for bnger 

33 CONTINUE 

IF ( WR .GT. WRMAX .and. DESWEIGHT .LT. 1.0 )GO TO 6 

C- U the supply air isn't cookd to at bast TMAX then repeat with wheel 

C- active for a longer tine 

IF (TAR .GT. TMAX .and DESWEIGHT .LT. 1.0 )GO TO 6 

C- Desiccant wheel is active and bads hare been satisfied. Go to catulate 

C-- me energy and water usage. 

GO TO 80 

35 CONTINUE 

C- Indirect Evaporatke Cooling only. Cakubte the Supply air mndltion. 

TIND=TAIRNODES 

WIND=WNODES 

TAR-TIND 

WAIR=WIND 

WR=(WAIR+DW+FINT'HUMRAT+GW)I(l .O+FINT+G) 

C-- Calculate the new mixed air condition 

WMNEW=HUMRAT*PO+(l-P0)WR 

C- Check for conergence 

CONVERGE=ABS(WMNEW-WM) 

IF ( CONVERGE .LE 0.0001 ) GO TO 37 
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WM=WMNEW 

WAIR=WMNEW 

GO TO 7 

C- If return air is too humid then activate thedeskcant wheel 

37 CONTINUE 

IF ( MODE .GE. 3 ) GO TO 39 

IF ( WR .LE. W R W  )GO TO 38 

DESON=l 

WAIR=WENTER 

WM=WENTER 

GO TO 6 

38 CONTINUE 

IF ( TAIR LE. TMAX ) GO TO 39 

DESON=I 

WAIR=WENTER 

WM=WENTER 

GO TO 6 

39 CONTINUE 

WM=WMNEW 

WAlR=WMNEW 

C- Indirect cooling only, go to hurnidiir 

GO TO 70 

40 CONTINUE 

C- THE DIRECT EVAPORATNE COOLER 

C- Dired evaporative Cooling for deskcant wheel active 

C- If ternperatum is above TMlN then go to d i e d  evap coofing. 

C- else go to po&k hurnaihcatimn ofthe supply air. 

LOOP=o 

C- Save for water useage calculation 

WDIRINDES=WDES 

WDIRINNODES-WNODES 

T=TAIRDES 

W=WDES 

LOoP=l 

41 CONTINUE 

GO TO 50 

42 CONTINUE 

TAIRDES=T 

WDES=W 

T=TAIRNODES 

W=WNODES 

LoOP=2 

GO TO 50 
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47 CONTINUE 

TAIRNODES=T 

WNODES=W 

GO TO 60 

50 CONTINUE 

C- U air is already b e h  TMIN men no coohg 

IF ( T LE.  TMIN )GO TO 57 

ENTHALPY=Hfl,W) 

TWET=WBFS(T.W.PATM) 

TIT-EVAPEFF'(T-TWET) 

C- DO not allow ab to be cooled below TMIN 

IF ( T  .GE. TMIN )GO TO 51 

T-TMIN 

C- The mot soher 

51 CONTINUE 

HTEST=Hfl,W) 

52 IF (HTEST.GT.ENTHALPY) GO TO 53 

w=w+o.o01 

HTEST=H(T.W) 

GO TO 52 

53 CONTINUE 

54 IF (HTEST.LT.ENTHALPY) GO TO 55 

W=W-0.0005 

HTEST=H(T.W) 

GO TO 54 

55 CONTINUE 

56 IF (HTEST.GT.ENTHALPY) GO TO 57 

W=W+0.00001 

HTEST=H(T.W) 

GO TO 56 

57 CONTINUE 

IF ( LOOP .EQ. 1 )GO TO 42 

IF ( LOOP .EQ. 2 )GO TO 47 

C- The ouUet temperatures are to be determined. If DESON=I then what 

C- is the weighted average supply air condiGon. 

60 CONTINUE 

WATDlR=(WDES-WDIRINDES)'DESWEIGHT+ 

I(WN0DES-WDlRINNODES)'(1-DESWEIGHT) 

IF ( MODE .GE. 3) GO TO 65 

IF ( DESON .NE. 1 )GO TO 65 

TDIR=TAIRDES'DESWEIGHT+TAIRNODES'(l-DESWEIGHT) 

WDIR=WDES'DESWEIGHT+WNODESo(1-DESWEIGHT) 

WAR-WDIR 
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TAIR=TDIR 

WR=(WAIR+DW+FINT'HUMRAT+GW)/(1 .O+FINT+G) 

C- Calculate the new mixed air wndifon 

WMNEW=HUMRAT'PO+(1-P0)WR 

C- Check for convergence 

CONVERGE=ABS(WMNEW-WM) 

IF ( CONVERGE .LE. 0.0001 ) GO TO 63 

WM=WMNEW 

WAIR=WMNEW 

GO TO 7 

C- If return a i  is *ill too huma and wheel is not a d k  for the entire 

C- hour then repeat wlh wheel a c t k  for longer 

63 IF ( WR .GT. WRMAX .and. DESWEIGHT .LT. 1.0 )GO TO 6 

C- It the supptf air isn't cooled to at kast TMAX then repeat with wheel 

C- acfne for a longer t i e  

IF (TAIR .GT. TMAX .and. DESWElGHT.LT. 1.0)GOTO6 

C- Desiccant wheel is actire and loads ha= been satsfed. Go to cakulate 

C- the energy and water usage. 

WM=WMNEW 

GO TO 80 

65 CONTINUE 

C- Evaporatk Cooling ontf. Cakubte the Supptf a i  wnditan 

TDiR=TAIRNODES 

WDIR=WNODES 

TAIR=TDIR 

WAIR=WDIR 

WR=(WAIR+DW+FINT'HUMRAT+GW)I(1 .O+FINT+G) 

C- Cakubte the new mked air wndifon 

WMNEW=HUMRAT'PO+(l-P0)WR 

C- Check for conmgence 

CONVERGE=ABS(WMNEW-WM) 

IF ( CONVERGE .LE. 0.0001 ) GO TO 67 

WM=WMNEW 

WAIR=WMNEW 

GO TO 7 

C- If return a i  is too humid then admte the desiccant wheel 

67 CONTINUE 

IF ( MODE .GE. 3 )  GO TO 69 

IF ( WR .LE. WRMAX )GO TO68 

DESON=1 

WAIR=WENTER 

WM=WENTER 

G O T 0 6  
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68 CONTINUE 

IF ( TAIR LE.  TMAX ) GO TO 69 

DESON=l 

WAIR=WENTER 

WM=WENTER 

GO TO 6 

69 CONTINUE 

WM=WMNEW 

GO TO 80 

C- HUMIDIFIER FOR NO COOLING DONE OR INDIRECT ONLY 

70 CONTINUE 

IF ( HON .EQ. 0 ) GO TO 75 

C- No coolng was needed check to see if humid'fcatan 6 needed 

C- Cakulate the return air at lhese wndilions 

WR=(WAIR+DW+FINT'HUMRAT+GW)I(l .O+FINT+G) 

IF ( WR .GT. WRMIN ) GO TO 80 

C- Humidifier will add humidty to the air until the minimum humidty 

C-- is reached, mus me retum air humidity is WRMIN. 

C- The humidiir lype is s p e w  in the DOE-2.1 E input fik. 

C- The suppb air needed to meet WRMIN 

WAIRMIN=(l +FINT+G)'WRMIN-DW-FINTWUMRAT-GW 

C- Make sure this is not greater than saturation 

WAIRMIN=AMIN(WAIRMIN,WFUNC(TAIRR1OO.O,PATM)) 

C- Calc mu air condition at thb suppiy cond 

WM=HUMRATPO+(l-P0)WRMIN 

C-- Calc Moisture addidon 

WW=WAIRMIN-WM 

C- Calc Humidficafim energy 

QHUM=WW~I061'CFMN(TAIR,WAIRMIN.PATM)'GO 

C- Set kaving wndltlon 

WAIR=WAIRMIN 

75 CONTINUE 

GO TO 80 

80 CONTINUE 

90 CONTINUE 

C- Adjust air flow for new TC value also an iteration. When the change 

C- in CFM k greater than 5% then recalculate wlh new vdlue. 

CFMOLD=CFMNEW 

CFMNEW=(TR-TCY(TR-TAIR)%FM 

IF ( CFMNEW .LE. 0.4'CFM ) CFMNEW=0.4%FM 

RCFM-VR-TCY(TR-TAlR)^RCFM 

CHANGECFM=(CFMNEWCFMOLDYCFMOLD 
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TTERCH=ABS(CHANGECFM) 

TTER=TTER+1 

IF ( TTER .GE. 50 )GO TO 91 

IF ( TTERCH .GT. 0.025 )GO TO 5 

C- Changes h CFM and TC hom DKTEMP 

91 CONTINUE 

CFMOLD=CFM 

CFMNEW=(TR-TC)I(TR-TA1R)'CFM 

CFM=CFMNEW 

CHANGECFM=(CFMNEWCFMOLD)ICFMOLD 

TCOLD=TC 

TC=TAIR 

C- Adjust the fanpower for new a i  flow rate 

SKW=SKW-((CFMOLDCFMNEW)/CFMOLD)'(SFKW+RFKW) 

FANKW=FANKW<(CFMOLDCFMNEW)/CFMOLD)'(SFKW+RFKW) 

VENTKW.VENTKW-((CFMOLD-CFMNEW)lCFMOLD)'o 

C- Adjust Humdification energy 

QHUM=QHUM%FMNEW/CFMOLD 

SKWQH=SKWQH+QHUMO.O00293 

AUXKW=AUXKW+QHUMO.O00293 

C- Calculak the GAS used for Regeneration f applicable 

IF ( DESON .NE. 1 ) GO TO 95 

CFMREGEN=(O.O4+CFMWHEEL*(TPRGTPI)+CFM'INSTALLW/ 

l(ACTNEWHEELS)'(TPO-TP1))/(250-120) 

C- The Desiccant wheel exiting condSon is not calculated, however 

C- the manufadurefs documentation s p e c W  that the exiling temperature is ahvays 

C- 120F. When compared to the resuk supplied by the manufadurer ths is tme within 2F 

C- for aU reasonable condaions 

C- A heat remvely unit uses the regeneratbn air e&g the wheel 

C- to preheat the incomng regeneration air 

THI=REXEFF'(l20-DBT)+DBT 

HHI=H(THI,HUMRAT) 

HDREG=H(ZSO.HUMRAT) 

CFMREGEN=CFMREGEN'ACTNE 

QREG=(CFMREGEN/l3.1)'(HDREG-HHI).609JESWEIGHT 

QREGP=QREGP+QREG 

DGAS=QREG/BEFF 

SCGAS=SCGAS+DGAS 

COOLFL=COOLFL+DGAS 

C- Regeneration Fan Energy 

REGPRESS=2.025E-5'HUMRAT+3.72152E4'CFMREGEN+O.O1026+RGHCPD 

REGPWR=(CFMREGEN'REGPRESS)/(8524'EFREG)'DESWElGHT 

COOLKW=COOLKW+REGFwR 
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SKW=SKW+REGPWR 

SKWQC=REGPWR 

C-- Desiccant Motor Power - not implemented, assumed negligible 

C- Calculate the water used in evaporative molers 

95 CONTINUE 

VAIR=V(TM.WM,PATM) 

WATDIR=(60r2.2)?NATDIRRCFMNAIR 

VAIR=V(DBT,HUMRAT.PATM) 

WATlND=(60/2.2)?NATIND%FMNAlR 

WCOlL=WAlR 

WR=(WCOIL+DW+FINT'HUMRAT+GW)/(l .O+FINT+G) 

GOT0110 

C- Calculate the fan energy of me ebaporative cooling fan 

EVAPWR=(CFM'EXPD)I(8524EvnpwR=(cFM'ExpO)IoEFEVP) 

COOLKW=COOLKW+EVAPWR 

SKW=SKW+EVAPWR 

SKWQC=SKWQC+EVAPWR 

C- Only executed Y fans are not on. 

100 CONTINUE 

WR=(PASTWR+DW+FINT'HUMRAT+GW)I(l .O+FINT+G) 

110 CONTINUE 

PASTWR=WR 

IF ( FON .EQ. 0) GO TO 120 

PRINT 1. IMO. IDAY, IHR, TC, TCOLD, CHANGECFM, WATIND 

1 WATDIR 

1 FORMAT ( ' S -  ',3F3.0,",2F5.l,".F7.3.",2F6.1 ) 

120 CONTINUE 

END 

END-FUNCTION . 

Variable D e s c r i ~ t i o n  Units 

ACTIVE Number of desiccant wheels active for the hour 

AUTO Boolean control variable: 1 for automatically choosing the number of 
active desiccant wheel for the hour, 0 for constant. 

AUXKW Electrical energy sent to DOE9.1E classified as auxiliary, returned to kW'H 
DOE-2.1E 

BEFF Gas fired air heater efficiency 

CFM Air flow rate for the hour. Taken from DOE, modified if the supply air ft3/min 
temperature changes, returned to DOE-2.1 E 
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Variable Description Units 

CFMNEW Air flow rate variable used in convergence loop ftJ/min 

CFMOLD 

CFMREGEN 

CFMWHEEL 

CHANGECFM 

CONVERGE 

COOLFL 

COOLKW 

D 

DBT 

DESON 

DESWEIGHT 

DGAS 

DW 

EFEVP 

EFREG 

ENTHALPY 

EVAPEFF 

EVAPWR 

EXEFF 

EXPD 

F 

FANKW 

FlNT 

FON 

FV 

G 

GW 

HDREG 

Air flow rate variable used in convergence loop 

Regeneration air flow rate 

Design air flow capadty of the desiccant wheel 

Change in air flow rate from that taken from SDSF 

Value of convergence criteria 

Gas energy used that is categorized as cooling. returned to DOE9.1E 

Electrical energy categorized as cooling, returned to DOEZ.1E 

Intermediate variable used to calculate the dehumidification process 

Outdoor dry bulb temperature taken from DOE-2.1E 

Boolean variable: 1 for desiccant wheels active 0 for inactive 

Fraction of an hour the desiccant wheels are active 

Gas energy used by desiccant unit. (DOE9.lE has a variable for this. 
at the present time it is not known how to take advantage of it) 

Increase in the building absolute humidity due to latent loads 

Indirect evaporative cooler static fan efficiency 

Regeneration fan static efficiency 

Enthalpy value for the air 

Effectiveness of the evaporative coolers 

Electrical power consumed by the indirect cooling fan 

Indirect component, heat exchanger effectiveness 

Pressure drop across the indirect heat exchanger 

lnfiltration factor taken from DOE-2.1E 

Total electrical power categorized to the fans, returned to DOE-2.1E 

lnfiltration factor taken from DOE-2.lE 

Boolean variable for the fans being active, taken from DOE-2.1E 

Face velocity of air on desiccant wheel 

Process latent load factor taken from DOE-2.1E 

Process latent load factor taken from DOE-2.1E 

Regeneration air enthalpy value 

ft3/min 

ft3/min 

ft3/min 

ft3/rnin 

Btu 

kW'H 

"F 

Btu 

Ibrardlbsi 

kW'H 

in-H20 

kW'H 
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Variable Description Units 

HHI 

HON 

HTEST 

HUMRAT 

IDAY 

IHR 

IMO 

INDW 

INSTALLW 

ITER 

ITERCH 

K 

LOOP 

MODE 

PASTWR 

PATM 

PO 

QHUM 

QREG 

QREGP 

RCFM 

REGPRESS 

REGPWR 

REXEFF 

RF KW 

RGHCPD 

Enthalpy of the air entering the hot side of the heat recovery unit 

Boolean variable for heating on, taken from DOE-2.1E 

Enthalpy value, used in root solver 

Outdoor absolute humidity value 

Day of the simulation, taken from DOEZ.lE 

Hour of the simulation (adjusted for daylight savings time), taken from 
D O E 2  1E 

Month of the simulation, taken from DOE-2.lE 

Absolute humidity exiting the indirect evaporative cooler 

Number of desiccant wheels installed 

Iteration number, used for debugging if convergence does not ocwr 

Change of value between iterations 

K factor, used to determine the heat carry over from the regeneration 
to dehumidification process 

Boolean value: 0 non desiccant loop; 1 desiccant loop 

Mode of operation for the algorithms 

Previous hour return air absolute humidity, taken from DOE-2.1E 

Ambient air pressure, taken from DOE-2.1E 

Fresh air ratio 

Energy needed for humidifier, returned to DOE-2.1E 

Regeneration energy used in the air heater, returned to DOE-2.1E 
(DOEZ.1E has a variable available for this value, however no further 
use is made of it), returned to DOE-2.1E 

Sum of regeneration energy, returned to DOEZ.lE same comment 
as QREG 

Air flow rate of the return air, modified as per the supply air flow is 
modified, returned to DOE-2.lE 

Pressure drop across the regeneration side of the desiccant wheel 

Electrical energy Consumed by the regeneration fan 

Heat recovery unit effectiveness 

Return fan electrical consumption 

Static pressure for the regeneration fan pressure drop 
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Variable Description Units 

SCG AS 

SFKW 

SKW 

SKWQC 

SKWQH 

T 

T AIR 

TAIRDES 

TAIRNODES 

TC 

TCOLD 

TCOUT 

TDES 

TDlR 

THI 

THIN 

TIME 

TIND 

TlNDC 

TM 

TM AX 

TMlN 

TP I 

Amount of gas consumed for cooling, returned to DOE-2.1E 

Sum of the electrical energy consumption by the fans, returned to 
DOE-2.1E 

Sum of the electrical energy consumption by all equipment at the 
system level, returned to DOE-2.1E 

Sum of the electrical energy apportioned to cooling at the system 
level, returned to DOE-2.1E 

Sum of the electrical energy apportioned to cooling at the system 
level, returned to DOE-2.1E 

Temperature value used in root solvers 

Process air temperature 

Process air temperature for no desiccant dehumidification used 

Process air temperature for desiccant dehumidification used 

Supply air temperature calculated by SDSFDES and returned to 
DOE-2.1E 

Original supply air temperature taken from DOE-2.1E, this value was 
the value calculated in DKTEMP 

Air temperature leaving the cold side of the indirect evaporative 
cooler heat exchanger 

Air temperature after mixing with the dehumidified and non 
dehumidified air 

Air temperature after the direct evaporative cooler 

Air temperature entering air heater 

Air temperature of the process air entering the indirect heat 
exchanger 

Time step parameter 

Air temperature after the direct evaporative cooler 

Air temperature leaving the evaporative cooler of the indirect 
component 

Air temperature of the mixed air before any cooling occurs 

Supply temperature control parameter, maximum temperature 

Supply temperature control parameter, minimum temperature 

Air temperature entering the desiccant wheel 

Btu 

kW'H 

kW'H 

kW'H 

kW'H 

OF 

"F 

O F  

"F 

O F  

"F 

"F 

O F  

O F  

OF 

O F  

hour 

O F  

O F  

O F  

OF 

O F  

"F 
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Variable Description Units 

TPO Air temperature leaving individual desiccant wheel and before mixing OF 
with non dehumidified air. 

TPRG 

TR 

TWET 

VAlR 

VENTKW 

W 

WAlR 

WAlRMlN 

WATDIR 

WATIND 

WET 

WCMAX 

WCMlN 

WCOlL 

WDES 

WDlR 

WDlRlNDES 

WENTER 

WGRAIN 

WHEELAREA 

WHEELS 

WIND 

WM 

Purge air temperature for the desiccant wheel OF 

Return air temperature O F  

Outside wet bulb temperature 

Specific volume of the air 

Electrical consumption of the ventilation fans kW'H 

Absolute humidity value for the root solvers Ibdlb.. 

Process air absolute humidity I b d l b e i  

Minimum supply air humidity to satisfy the latent load for the l b a t m h i  
humidifier 

Water used by the direct evaporative cooler liter 

Water used by the indirect evaporative cooler liter 

Outdoor wet bulb temperature "F 

Maximum value that the supply air may be and still satisfy the latent lb,dlb.i 
woling load 

Supply air resulting humidity l ba tdbm 

Absolute humidity leaving the desiccant component, desiccant lbateJlbar 
humidification active 

Absolute humidity leaving the direct evaporative wmponent lbmteJlbat 

Absolute humidity before direct evaporative cooler, with desiccant Ibatdlb.i 
dehumidification 

Absolute humidity before direct evaporative cooler, with no desiccant I b a d b a i  
dehumidification 

Saved value for the absolute humidity entering the cooling equipment lbmteJlbai 

Absolute humidity in grainsnb for the desiccant process regression Ibetdlb,i 
equations 

Face area of the desiccant wheel's process side fi2 

Number of desiccant wheels needed for the design air flow 

Absolute humidity leaving the indired evaporative component hatmllbai 

Humidity of the mixed air before any cooling occurs, new value lbateJlbai 
returned to DOE-2.1E 



IEA-BCS Annex 28 Detailed Design Twls for Low Energy Cooling Desiccant+Evap Cooling Chapter 

Variable Description 

WMNEW Humidity of the mixed air before any cooling occurs, new value of lb rd lba i  
iteration loop used for convergence 

WNODES Absolute humidity leaving the desiccant component, desiccant 1btdlb.i 
humidification not active 

WPO Absolute humidity leaving the desiccant wheel before re-mixing with lb,db.. 
the non dehumidified air stream 

WR Return air humidity, new value returned to DOE9.1E ILtJlb.. 

WRMAX Maximum return air absolute humidity allowed, taken from DOE-2.lE lbad lba? 

WRMlN Minimum return air absolute humidily allowed, taken from DOE-2.1E I&,Jlb,i 

WW Change in humidity through the humidifier lbatdb.. 
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( 10. Sample results 

Results are for the cooling season in Ottawa. Ontario for a medium sized office building. The cooling season 
is defined as May 1 to September 30. 

These results are for the following inputs: 

- The building has a UA value of 1978 WPC; - The weather file is for Ottawa, Ontario, a hot and humid cooling season. WBAN number 
W772CWEC file name WW772W.CW2; 

- The thermostats are set at 21°C for heating and 23.5% for cooling; - The throttling range is set at 1.5%; - The humidity settings are max 60% RH and min 35% RH: - The air handling flow rate at design conditions is: 76,900 m31hr(45,300 SCFM). 6.0 airchangrnour 

The function input variables are: 

MODE=l 

TMAX=18 

TMIN=15 

WHEELS=5.333 

INSTALLW=4 

TIME=0.167 

AUTO=l 

WHEELAREA-12.38 

CFMWHEEL=9903 

EVAPEFF=0.9 

EXEFF=O.H 
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Relative Humidity Values Taken from DOE-2.1E output form SS-N: 

Relative Humidty Distribution 
/. . - . . - -  - .  ~ 

am m o  50.60 60.70 7080 WICO 

Relative humidity range (%RH) 

Number of Hours above the Proportional Range of the Thermostat ("C) - 
or Undercooled Hours: 
Taken from DOE-2.1E output form SS-F for each zone 

GD-Nl 
GD-WNW 
GD-W 
GD-SW 
G D S I  
GD-INTI 

GD-N2 
GD-E 
GDSZ 

GD-INTZ 
HALLG 
FOYER 
U-N1 
U-WNW 
U-w 

May June July Total 

39 
21 
19 
18 
35 
37 
43 
42 

28 
71 
31 
56 
46 
23 
22 
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U-SW 
L Z S I  

U- INTI  

U-NZ 

LZ-E 

LZSZ 
LZ-INTZ 
HALL2 

U - B R  
LUNCH 

Min 0 1 31 3 0 35 
Median 0 1 31 Z 0 35 

Mean 0 1 31 4 0 35 
Max 0 4 52 17 0 71 

Energy Usage (MWH) taken from DOE2.1E output form BEPS: 

Lights Misc Space Space Pump Vent DHW 
Equip Heat Cool M i c  Fan 

Electricity 97.3 36.9 0.1 1.4 11.0 18.4 1.2 

Gas 0.0 0.0 0.0 114.0 0.0 0.0 0.0 

Oil 0.0 0.0 2.7 0.0 0.0 0.0 0.0 

Energy Usage (utility units) taken from DOE-2.1E output form BEPU: 

Lights Misc Space Space Pump Vent DHW 
Equip Heat Cool Misc Fan 

Electricity (kwh) 97307.0 36902.0 143.0 1423.0 11037.0 18360.0 1209.0 

Gas (lherms) 0.0 0.0 0.0 3892.0 0.0 0.0 0.0 

Oil (Gallons) 0.0 0.0 65.0 0.0 0.0 0.0 0.0 

Elec 
Tot 

166.4 
114.0 

2.7 

Elec 
Tot 

Water Usage in Liters (from function output to file columns 6 8 7): 

Indirect Direct 
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This tool is a model of a direct and indirect evaporative central unit with waling and heating coils 
appropriate for analysing evaporative cooling in office buildings. 

1 2. Developed by 

Name J.R. MILLET 

Organisation : CSTB 

Address BP 02 - F-77421 Mame-la-VallBe Cedex 02 

Phone 3301 64688300 

Fax 3301 64688350 

E-mail : millet@cstb.fr 

1 3. General description I 
The model provides the state of running of an air handling unit controlled to indoor air temperature. The air 
handling plant consists of the following : 
. a rotating exchanger 
. a humidifier for the return air (indirect evaporative cooler) 
. a heating coil 
. a humidifier for the supply air (direct evaporative cooler) 
. a cooling coil 
. matched supply and extract multi-speed fans. 
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The system control is based on set point temperatures related to the operating modes of the different 
components of the system. The operation of a component is ordoff or modulated within a temperature 
band (mere the control is assumed to be linear) for the calculation timestep. Additional control can be 
taken into account to ensure correct operation. 

The system heating or cooling p M r  is related only to the indoor air temperature Ti by the function Fsyst 
(Ti). The room behaviour for a given timestep can be described by the function Froom (Ti), m ich  
describes the indoor temperature resulting from a given heating (or cooling) power. It is assumed that this 
relationship is linear. The running point is obtained by solving the hm equations (for Fsist(Ti) and 
Froom(Ti)) at each timestep. 

The solution for the running point is illustrated graphically in the following figure. 

. . ,. , . \ .  
250 

m 

1-P 
Z'. 
f 

r mZ 

50' . 

0 

Ti ('C) 

6 F s y s t  ( W  +airflowrale(mYh)+Tesup 

example of nmning pint calculation 
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/ 4. Nomenclature 

I C I , n d o O r a t u r e  
Too for n o o l c o ~ l l n o  C 

1 5. Mathematical description 

5.1. Calculation of air temperatures and humidities 

5.1.1. After humidifier 

For the purpose of this study, a FORTRAN function FADIAB(T,w) gives the increase of moisture 
in the air required to reach saturation from the dry bulb temperature T ("C) and the absolute 
humidity of the air w (glkg of dry air). 

The saturation curve is given by: 
wsat=EXP(18.8161-4110.34/(T+235)) 
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The effect of humidification is approximated by lines of 2.5 W(g1kg). 

Knowing the humidification efficiency Rhumnom at nominal air flow Afnom, the characteristics 
of humldlfled alr Tlhum and whum (full runncn of humldlfler) are, for a glven alr flow Af 

Rhum = 1- l 1- Rhumnom \ 14m0m'4n"g2 

whum = wi; (Rhum.) ' FADIAB(T,W) 
Thum = Ti - 2.5 ' (Rhum.) ' FADIAB(T,W) 

where: 
T, w dry bulb temperature and humidity of entering air 
Thum, whum : dry bulb temperature and humidity of humidified air 

The Rhum variation takes into account the fact that the humidification efficiency increases when 
the air flow is reduced. The formula is based on work undertaken by NLBL [2]. 

5.1.2. After heat exchanger 

The heat exchanger is characterised by its efficiency. The supply temperature after heat 
exchanger is given by: 

Teex = Te ( I -  Rexch) + Rexch ' Ti 
where: 

Teex : temperature after heat exchanger 
Te : outdoor air temperature 
Ti extract air temperature before heat exchanger 

There is no change in air absolute humidity for this process. 

5.1.3. After heating coil 

The heating coil is defined by its reference maximum heating p o w r  Pheatref (W). The increase 
of temperature dT is given by: 

dT = Pheatref l(0.34 ' AF) 
where: 

AF : air flow in m3lh 
There is no change in air absolute humidity for this process. 

5.1.4. After cooling coil 

The cooling coil is characterised by its dew point Tadp and its Bypass factor BP. At full running. 
the characteristics of leaving air. Tcool and wcwl, are calculated by: 

Tcool = min ( Tent ; BP'Tent+(lSP)'Tadp) 
wadp = e~p.(18.8161-4110.34/(Tadp+235) 
wcool = BP'we+(l-BP).wadp for wadp c we 
wcool = we for wadp 2 we 

where: 
Tcool, woo l  : characteristics of cooled air 

5.1.5. After a fan 

The increase of air temperature is given by: 
dT-fan = fanelp'fanrefeffI(0.34'Ar) 

where: 
fanelp electrical power of the fan 
fanrefeff part of the electrical power heating the air 

There is no change in air absolute humidity for this process. 

5.1.6. Indoor humidity calculation 

The average indoor absolute humidity for the timestep is calculated from: 
wiact= [w iprev+Af 'wesuplvo l+Ai l I ( l . 2 'vo l ) ] l [ l  + A f l v o l ]  

This assumes that there is no hygroscopic buffer effect in the room. 
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5.1.7. Air unit cooling or heating power to the room Fsyst 

This is calculated from: 
Fsyst = 0.34 ^ (Tsup - Ti ) AF 

where: 
Tsup : supply air temperature 
Ti indoor air temperature 
Af : air flow in m31h 

5.2. Required electrical power for fans 

The fan is assumed to be controlled in order to deliver a given amount of air which is a ratio of the 
nominal flow. If the fan efficiency was constant, the required power would be a cubic function of the ratio 
actual air flow I nominal air flow. In practice however, this is not the case and the efficiency is reduced at 
low air flows. Therefore the following formula has been used: 

fanelp = fanrefelp ' max (0.1; (Af I Afref ) ) 
where: 

fanrefelp reference electrical power. 

5.3. System control 

5.3.1. Controls based on set point temperature 

Each component is onloff controlled or modulated according to a temperature control band. It is 
important to note that the control description must be based on its equivalent behaviour for the 
calculation timestep. 

As a general rule, it is assumed that the behaviour is linear within the control band. For example. 
if the heating band control is 20 "C - 21 "C, it is assumed that the heating power will be at its 
maximum value for Ti < 20°C, equal to 0 for Ti > 21 "C and vary linearly between 20 "C and 21 
"C. This does not necessarily mean that the control system must be a proportional one - a simple 
onloff control can lead to the same equivalent behaviour. A second assumption is that sequential 
(rather than overlapping) control bands are used to control the supply air temperature and air 
flow (so that coolinglheating power varies linearly). 

The set point temperatures can be constant or vary with time (the set point for heating can for 
example be reduced at night in winter). 

Control matrixes 
For each system, we have defined control matrixes for summer and for winter conditions, during 
occupancy and inoccupancy (24 control matrixes). These matrixes are shown in Chapter 10. 

Transition 
When performing a calculation for a whole year, it is necessary to define transitions between 
winter control matrix and summer control matrix. When the calculation is done with winter control 
matrix, the indoor air temperature between 7h and is checked. If this temperature is higher 
than 23% the transition Mth summer control matrix is madehWhenhthe calcutation is done with 
summer control matrix, the indoor air temperature between 8 and 9 1s checked. If this 
temperature is lower than l Y C ,  the transition with winter control matrix is made. 

5.3.2. Additional controls 

lndirect humidification 
Indirect humidification is used if permitted by the set point control and if the humidified air Thum 
has a temperature lower than the outdoor air Te. The control is as follows: 

Te > Thum + dThic 3 control by set point 
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Te s Thum + dThic 3 no humidification 
The dThic value is used to avoid humidification if it is of low efficiency regarding outdoor 
temperature. It can be for example fixed to 2 K. 

Heat exchange 
When the room requires cooling, the heat exchanger is prevented from o~eratina if outdoor air 
has a temperature iower than extract air prior to ently to the heat exchanger. 

- 
The heat exchanaer is controlled to avoid temwratures lower than a limit value Teexlim (16°C ~~- ~~ ~ . ~ - 

during occupanciand 11°C during non occupancy). If this limit is reached, direct humidification is 
prevented from operating. 

Direct humidification 
The direct humidification is controlled to avoid air absolute humidities higher than a limit value 
wehumlim. 

Example of control 
An example of a control scheme for summer and winter operation for an evaporative indirect 1 
direct system with a maximum air flow rate of 6 AClh is presented overleaf. 
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- 

during occupancy time 

during non occupancy time 
Example of a control scheme for an evaporative indirectldirect system in summer 
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ti-inoc I .20 1 16 1 16 1 16 1 17 1 24 1 2 s  1 26 1 70 
airflowrateratio(%vollh) ~ 0 7 5 ~ 0 7 5 ~ 0 7 5 ~ 0 7 s ~ o o l ~ o o l ~  1.01 101 l o  

during non occupancy time 
Example of a control scheme for an evaporative indirect I direct system in winter 
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5.4. End calculation 

5.4.1. Indoor air temperature calculation 

The basis of the model is to define for each set point the corresponding supply air temperature 
and the air flow. Each set point can then be related to a given value of cooling or heating power 
delivered to the room. Assumptions are made so that this power varies linearly for the supply air 
temperature and the air flow between two consecutive set points. 

For each timestep, the Fsys(Ti) can be calculated. The Froom(Ti) is then calculated using a 
simplified or detailed specific tool. The assumption made here is that the Froom is linear. It is 
defined by two points with convective powers of 0 and 10 wlm3 and corresponding temperatures 
of Tinat and Tic (this choice has no effect on the results). 

Considering two consecutive air set points, Tspl and Tsp2, and the corresponding values of 
supply air Tsup and air flow Af. The corresponding Froom values are Frooml and Froom2. The 
actual point of running Tiact is within Tspl and Tsp2 where: 

Froom2 z Fsyst2 and Frooml < Fsystl 

As Froom increases with Ti and Fsyst decreases, it is always possible to identify the Tspl Tsp2 
band. The Tiact value can be characterized by using the variable fpt: 

Tiact = fptTsp2 + (I-fpt)'Tspl 

It is then possible to write the set of equations which can be solved: 
Froom = fpt'Froom2 +(I-fpt)'Frooml 
Fyst = 0.34 (fpt'Af2 + (I-fpt)'Afl ) ' (fpt'(Tsup2 - Tsp2) + (I-fpt)'(Tsupl-Tspl)) 

Definition of the different temperature and humidities 

5.5. Other parameters calculation 

Knowing the indoor air temperature, it is possible to go back easily to the state of the system for each 
parameter as their values are known for each set point value and linear variations between two 
consecutive set points have been assumed. It shduld be noted that the assumption of a linear variation is 
not theoretically required and the approach could be extended to non-linear relationships. 

1 6. References 

[ I ]  Mathematical equations developed at CSTB on the basis of basic physical laws. 

[2] Variation of humidification efficiency is based on the work presented by Joe HUANG (NLBL) in 
Chapter D of this report. 
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1 7. Algorithm 

1. read the air handling plant parameters 
2. read the inputs 
3. calculate the air flows for each set point 
4. calculate the Fsys (Ti) function for each set point 
5. calculate the temperatures and humidities in the unit for each set point 
6. calculate the Frwm (Ti) function for the actual time step (thermal room model) 
7. calculate the actual Ti values by solving Fsys(Ti) = Froom (Ti) 
8. calculate the actual values of the different parameters 
9. calculate the indoor air humidity 
10. store the required output values 

1 8. Flowchart I 

< .  > - Start . . . . . .  . , 
. . . . . . . . . .  .. , . 

I 

I 

.., ". ,,' . . , . - 
' i  

' , , v 4 
Inputs ':' ' . .  

,, . . 

1 
'I 
T 

1 . Caculate the Froom (Ti) function for the actual time step 1 
T 

Caculate the air flowsfor each set point . 

I 
. . I,?,,.:;: ;:, . '$alculate the Fsye i )  function for each set point , , 1 

I 
I :'I ...... Calculate'the actual values of'the different parameters,' 1 

I 
. . . . . . .  . . . . . .  ., .,.,.. % Store:the required output values 
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1 9. Source code 

............................................................ 
Program cta 

............................................................ 
c EVAPORATIVE AIR CENTRAL HANDLING PLANT 
............................................................ 
c NOMENCLATURE 
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c INPUTS 

IHS Hour of week --- 
TIN indoor air temperature for Convective Power =O WIm3 
TIC indoor air temperature for Fgvs convective Power = 10 W/m3 

TOPN indoor operative temperature for Convective Power =O W/m3 
TOPC indoor operative temperature for Fsys mnveclive Power = 10 W/m3 

TEI outdoor temperature ("C) 
WE1 outdoor humidity (g/Kg ofdry air) 

A L I m  internal humidity gain (gh) 

C 

c PARAMETERS 

RHUMIND Indirect humidification efficiency --- --. - --.- ---- ----- ---- ---- - -- ------ --- - ---- 
REXCt1 Heat exchange efficiency 
TEEXLIMI Min value oftemp. for control of heat exchanger in occupancy ("C) 
TEEXLIMZ Min value of temp. for control ofheat exchanger in vacancy ("C) 
DTlHC DitTerence de temp,rature pour le mntrole de I'echangeur ("C) 
- ~ ~ - ~ - ~ ~ -  

HIIIJMI)IK I)irerl himdification eficienuy 
WKWJMLIM Min vslue dabs. humidity for direct maprative mntrol (@Kg ofdry air ) 

PHMAX Heating mil max power (W) 
RCH Hcating coil efficiency 

TADP Cooling coil apparatus dew point (oC) 
BP Cooling coil Bypass Factor 
EFFRl Cooling coil Eficiency 

AFREF Fan reference air flow maximum value (m3h) 
FANPRATIO Fan reference ratio (Electrical power/Ref air flow) 
FANREEFF Part offan electrical power to supply air 

VOL Volume ofbuilding (m3) 
Free line 

PAREF(1,9,9) Control matrix for summer during occupancy 
Free line 

PAREF(2,9,9) Control matrix for summer during vaccancy 
Free line 

PAREF(3,9,9) Control matrix for winter during occupancy 
Free line 

PAREF(4,9,9) Control matrix for winter during vacancy 
Frec line 

Summer running profile 
HCRl E starting hour ofday for summer running 
HCRZ~E ending hour ofday for summer running 
NICR-E stop days in week 

Wintcr running profile 
HCRI-H starting hour ofday for wintcr running 
tICP.2-H ending hour ofday for winter running 
NJCR-H stop days in week 
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C 

c OUTPUTS 

I-Hour of Week 
2-Indoor air temperature (DC) 
3-Indoor operative temperature (DC) 
4-Indoor air humidity (g/kg ofdry air) 
5-Supply temperature (DC) 

6-Air flow ( m 3 h )  

7-Heating coil Power (W) 
8-Cmling coil sensible Power (W) 

9-Heating coil Energy (W) 
IO-Cooling coil Energy (sensible + latent) (W) 
I l-Fan electrical Energy (W) 

12-Indirect water needs (g) 
13-Direct water needs (g) 

14 to 23 Running state of air unit components 

14-Ti 
15-Air flow rate ratio 
16-Use of indircct hum. 
17-Use of exchangerc 
I&Use heating 
19-Use of direct hum. 
20-Use ofcold coil 

DECLARATION 01: VARIABLES 

REAL TIN,TIC,l'OPN,TOPC,TEI,WEI,TIPREVVWIPKEV,ALIN~ 

INTEGER IHS 

REAL RHUMIND, 
I REXCH,TEEXLIMI,TEEXLIM2,D'rIHC, 
1 RHUMDIR,WEHUMLIM, 
I PHMAX,RCH, 
I TADP,BP,EFFRI, 
I A6ef,FANPRAl'IO,FANREI:EI:I~, 
I PARREF(4,10,lO), 
I HCRI-E,HCR2-E,NJCR-E,IfCRIIH,HCK2_H,NJCR-H, 

. 1 VOL 

REAL PLOCAL(I O),PEI.EC-FAN(I0) 

REAL PAR(24,lO). 
I TSUP,TEEX,TEHE,TEHLJM,WEHUM,TECOOL,WECOOL, 
I TIHUM,WIHUM,AF. 

INTEGER IFTIK,JN,IRUNSIII,IA,IHJ,IJS 

REAL FSYSACT,TIACl',TOPACT,WIACT,PARACl'(9) 

INTEGER IRUNSYS-E(I68),1RUNSYS-I-((168) 

REAL XOUT(20) 
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CHARACTER.20 XLBL(20) 

open (unit=lO,file='CTA.DAT',status='unknown') 
opcn (unit=l l,file='INPWS.DAT,status='unknown') 
open (unit=l2,file='OUTPUTS.DAT,stalus='unknow') 

c**** Declaration of labels for outputs 
Xlbl(1) = 'Hour of week ' 
Xlbl(2) = 'Internal temp. (0C) ' 
Xlbl(3) = 'Operntive temp.(&) ' 
Xlbl(4) = 'Internal hum. (g)' 
Xlbl(5) = 'Supply temp. (&) ' 

Xlbl(6) = 'Air flow (m3h)  ' 

Xlbl(7) = 'Heat.mil power (W)' 
Xlbl(8) = 'Cool.mil power (W)' 
Xlbl(9) = 'Heat. mil energy(W)' 
Xlbl(l0) = 'Cool. mil energy(W)' 
Xlbl(l I) = 'Fan el&. energy(W)' 
Xlbl(12) = 'Needs Wat-ind(g) ' 
Xlbl(l3) = 'Needs Wat-dir(g) ' 

c Running state of air unit components 
Xlbl(l4)='Ti' 
Xlbl(lS)='Air flow rate ratio' 
Xlbl(l6)='Use of indireci hum.' 
Xlbl(l7)='Use of exchangerc' 
Xlbl(l8)='Use hating' 
Xlbl(l9)='Use of direct hum.' 
Xlbl(20)='Use of cold coil' 

c Read titles in inputs file 
Read ( I  I;) 



IEA-CBS Annex 28 Detailed Design Tools for Low Energy Cooling Evaporative Cooling Chapter C 
c***** Evaporative Air Central Handling Plant 

c**+*' Ikscription of matrix control with additionalcontrols 
c for indirect humidifier and for the exchanger : 
c ifuse =I and wntrol=l: runnig under control: 
c ifuse = 1 and control =O : forced running ; 
c 0 : running not allowed ; 
c jn=l summer-day matrix ; jn=2 summer-night matrix ; 
c jn=3 winter-day matrix ; jn=4 winter-night matrix; 
c parreQ,l,ik) : Ti  
c parrefi,Z,ik) : air flow rate ratio (volh) 
c parrefli,3,ik) : use of indirect hum. 
c parref(i,4,ik) : add indiren hum. control 
c parrefli,S,ik) : useofexchanger 
c parrefli,6,ik) : add exchanger control 
c parrefli,7,ik) : use heating 
c parrefCi,S,ik) : use of direct hum. 
c parref(i,9,ik) : use of cold coil 

c***** Matrix for running under control 
c par(2,ik) : Ti  
c par(3,ik) : air flow rate ratio (volh) 
c par(4,ik) : use of indirect hum. 
c par(5,ik) : usc of exchangerc 
c par(6,ik) : use heating 
c par(7,ik) : use of direct hum. 
c par(8,ik) : use of cold coil 
c par(9,ik) : libre 
C 

c***** definition o f  unit parameters 
c par(l0,ik) : flow rate (m3h) 
c par(l l,ik) : Actual temperature aRer indircct humidifier 
c par(l2,ik) : Actual humidity aRer indirect humidifier 
c par(l3,ik) : Temperature afler the exchanger 
c par(l4,ik) : Temperature alter the heating coil 
c par(l5,ik) : Actual temperature aRer direct humidifier 
c par(l6,ik) : Actual humidity afler direct humidifier 
c par(l7,ik) : Temperature aRer the m l i n g  coil 
c par(l8,ik) :Actual humidity afler theml ing  coil 
c par(l9,ik) : Supply Temperature 
c par(20,ik) : Power ofthe system 
c par(21,ik) : Etliciency ofthe indirect humidifier (RendHi) 
c par(22,ik) : EtTiciency ofthe direct humidifier (Rendlid) 
c Par(23,ik) : Temperature afler indirect humidifier (Tihum) 
c Par(24,ik) : Humidity aiter indirect humidifier (Wihum) 

c***** Reading control parameters ofcta 
read (10,*)Rhumind 
read (10.') REXCH.Tecxlim I .Teexlim2.D'l'ihc , , ,  

read (10;) Rhumdir,Wehumlim 
read (10;) PHMAX,RCH 
read (LO,*) TADP,BP,EFFRI 
Kead (10,') Afref,Fanpratio,FanrefeR 
Read (10,') VOL 
Read (10,') 
do j=l,4 
do i=l,9 
read (10,') (PARreKJ,I,IK),IK=I,9) 
end do 
read (10;) 
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c***** Initialisation 
T i p r e ~ 2 0  
W i p r e ~ l O  

DO WHILE (.NOT. EOF(I I)) 

c* * * * *  Reading inputs 
Read ( I  I,') IHS,TIN,TIC,TOPN,TOPC,TEI,WEI,ALN~ 

c***** initialisation ofthe wntrol matrix 

c Summer prolile 
call profile (lHS,HCRI-E,HCW-E,NJCR-E,IA,IJS,lHJ) 
IrunsyrE(1HS) = IA- l  

c Winter profile 
call profile (IHS,HCRI-H,HCW-H,NJCR-H,IA,IJS,IHJ) 
Irunsys-H(1HS) = IA- l  

c Summer running 
iC((ihj.eq.9).and.(Tiact.GT.23.)) jn=l 

c Winter running 
if ((ihj.eq.lO).and.(Tiact.LE. 19.)) jn=3 

c***** Choice ofthe profile 
if (jn.LE.2) then 

Irunsih= Irunsys-E(ihs) 
else 

Irunsih= Irunsys-H(ihs) 
end if 

c***** Choiceofthe day-night matrix 
if ((lrunsih.EQ.l).and.(jn.LE.Z)) i j= l  
if ((lrunsih.EQ.O).and.(jn.LE.Z)) ij=2 
if ((lrunsih.EQ.I).and.(jn.GE.3)) ij=3 
if ((lrunsih.EQ.O).and.(jn.GE.3)) ij=4 

c****' Assignment o f  the used matrix 
do ik=1,9 

par(2,ik) = parref(ij,l,ik) 
par(3,ik) = parref(ij,Z,ik) 
if ((parref(ij,3,ik).EQ, I).and.(parref(ij,4,ik).EQ.I)) then 

par(4,ik) = 0.5 
else if ((parref(ij,3,ik).EQ.l).and.(parreKijj4,ik).EQ.O)) then 

par(4,ik) = l 
else 

par(4,ik) = 0 
cnd if ~~ 

i f ((parreKij,5,ik).EQ.l).and.(parreKij,6,ik).EQ.l)) then 
par(5,ik) = 0.5 

else if ((parreKij,5.ik).EQ.l).and.(parreKij,6,ik).EQ.O)) then 
par(5,ik) = l . . ~ .  

else 
par(5,ik) = 0 

end i f  
par(6,ik) = parref(ij.7,ik) 
par(7,ik) = parreKij,B,ik) 
par(8,ik) = parref(ij,9,ik) 

end do 
jn = ij 

c***** Calculation o f  the reference electrical power of the fan 
Fsnrefelp = Afrerfanpratio 
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c***** Parameters of the Frmm(Ti) funaion 
Alocal= I O*Voll(Tic-Tin) 
Blocal= -lO*vol*Tin/(Tic-Tin) 

c***** Calculation ofthe air flow for each set point (m3/h, par(I0,ik)) 
do ik=I,Y 

Par(lO,ik)=AfrePpar(3,ik) 
end do 

c***** Calculation ofthe eficiency for the direa and 
c the indirect humidifiers for each set point 

do ik=I,Y 
Par(2l,ik)=I-(l-Rhumindj**(AtieWpar(lO,ik))**0.2 
Par(22.ik)=1-(1-Rhumdir)**(AireYpar(lO,ik))**0.2 

end do 

c'**** Calculation of temperature et humidity 
c afler indirect humidifier for each set point (Tihum,Wihum) 

do ik=1,9 
if(par(4,ikj.LT.O.S) par(2l,ik)=O 
Par(23,ik) = Tlprw - 2.5*par(2I,ik).FADIAB(Tlprev,WIprev) 
Par(24,ik) = Wlprev + par(21,ik)*FADIAB(~prev,W1prev) 

end do 

c***** running of indirect humidifier for each set point 
c 0.5 : under control. I : forced running, 0 : not allowed -. 

Do ik=I,Y 
If(par(4,ik).EQ.O.5) thcn 
If (TEI,GT.(Par(23,ik) + Dl'ihc)) then 

else 
Par(4,ik)=O 

end if 
else 

Par(4,ik) = par(4,ik) 
end i f  
end do 

c***** running ofthe exchanger for each set point 
c 0.5 : under control, 1 : forced running, 0 : not allowed 

Do IK=l,9 
If(par(5,ik).EQ.0.5) then 

It'(TEI.GT.(Par(23,ik) + DTihc)) then 
Par(5,lK) = l 

clse 
Par(5,IK)=O 

end if 
elsc 

Par(5,IK) = par(5,ik) 
end if 

end do 
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c**"* Aclual temperature (par(l1,ik)) and actual humidity (par(l2,ik)) 
c after indirea humidifier for each set point 

do i k  = 1.9 
if(PAR(4,ik).LT.0.5) then 

PAR(1 I,IK)=Tlprev 
PAR(12,IK)=Wlprev 

else 
PAR(1 I,IK)=Par(23,ik) 
PAR( I2,IK)=Par(24,ik) 

endif 
end do 

c***** Temperature after the exchanger for each set point (par(l3,ik)) 
doik=1,9 

Teex-avec = Tei*(l-REXCI-I) + par(l l,ik)*REXCH 
Teex-control = Teex-avec'par(5,ik) + Tei*(l-par(5,ik)) 

c**"* limitation ofsupply air temperature in occupancy and vaccancy 
if(irunsih.eq.1) then 
Teexlim=Teexliml 

else 
Teexlim=Teexlim2 

end if 

c***** Teex with control and limitation 
if (Teex-wntrol.LT,Teexlim) then 

par(l3,ik) = MIN(Teex-avec,Tecxlim) 
c When supply air temperature is limited, direct humidifier 
c doesn't run 

par(7,ik) = 0 
else 

par(l3,ik) = Teex-control 
end if 

end do 

c***** Temperature after the heating coil for each set point (par(14,ik)) 
do ik=1,9 

PAR(i4,IK) = PAR(I3,iK)tPHMAXf0.34PAR(IO,IK)*par(6,ik) 
end do 

c'**** Running o f  the direct humidifier or - 
c cooling coil 
c Temperature (par(l5,ik)) and humidity (par(l6,ik)) 
c after direct humidifier ifallowed for each sel m in t  (~ar(7.ik)=l) ., . . 

do ik= 1,9 
if(par(7,ik).LT.0.5) par(ZZ,ik)=O. 
Wehum = Wei + Par(22,ik)*FADIAB(par(14,ik),wei) 

if(wehumlim.LT.Wehum) Wehum-wehumlim 
i f  (wehumlim.LT.Wei) Wehum=wei 
DWehum = (Wehum-Wei) 

if (DWehum.LT.0.001) then 
par(7,ik)=O 

else 
par(7,ik)=par(7,ik) 

end if 

DTehum = (-2.5 Dwehum)*par(7,ik) 
par(l5,ik) = par(l4,ik) +DTehum 
par(16,ik) = wei + DWehum.par(7,ik) 

end do 
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c****' Cmling mil 
A=18.8161 
B=4110.34 
C=235. 
WADPmin = EXP(A-Bl(TadpC)) 

c***** For each set point : 
c Temperature irthe cooling coil i s  running (Teumll) 
c Temperature with limitation to Tadp 
c Humidity afler cooling mil 

do ik=1,9 
Teuul l  = BPhpar(15,ik) + (l-BI')*Tadp 
if(Tecml1 .GT.Tadp) then 
Tecool2 = Tecool l 

else 
T m l 2  = par(l5,ik) 

end if 
IF (Wadpmin.GE.Wei) then 

Weoool2= Wei 
else 

Wemol2= BP* Wei+ (l-BP)*Wadpmin 
end i f  

end do 

c**"* Actual temperature afler cooling coil for each set point(par(l7,ik)) 
c Actual humidity afler cooling for each set point(par(l8,ik)) 

do ik=1,9 
par(l7,ik) = par(8,ik)*Tml2 + (I-par(8,ik))*par(lli,ik) 
par(l8,ik) = par(8,ik)'WeuulZ + (I-par(8,ik))*par(l6,ik) 

end do 

c****' DT fan and supply air temperature for each set point (par(l9,ik)) 
Do ik=1,9 

Pelec-Fan(ik)=MAX((O. 1 'Fanrefelp), 
I (Fanrefelp*(par(lO,ik)lAi?ef)**2)) 

if (par(3,ik).LT.O.O2) Pelec-fan(ik)=O 
DT-Fan = Pelec-Fan(ik) FanrcfefV(0.34*par(IO,ik)) 
par(l9,ik) = par(l7,ik)+ DT-fan 

end do 

c'**** Power of the system for each set point 
do ik=1,9 

PAR(20,ik)= 0.34*par(lO,ik)*(par(19,ik) - par(2,ik)) 
end do 

c*"" Determination oractual running point Fpt 
do ik =1:9 

Ploal(ik)= AloaI*l~ar(2,lk) + blocal 
If (Plocal(ik).GT.Par(2O,lk)) goto 31 

end do 

31 mntinue 

IFtik = ik 
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ZI = Plocal(ik) - plocal(ik-I) 
22 = Plocal(ik-I) 
23 = 0.34 (par(l0,ik) - par(l0,ik-I)) 
24 = 0.34 par(l0,ik-I) 
25 = (par(l9,ik)-par(2,ik))-(par(19,ik-l)-par(2,ik-l)) 
26 = par(l9,ik-I)-par(2,ik-I) 

ZA=23*25 
2B = (24 25) + (23 26)-21 
ZC = 24*26 - 22 
Fpt=l/(l-(Par(20,ik)-plocal(ik))/(pa~2O,ik-I)-plaal(ik-l))) 
if (ZA.NE.0) Fpt = (-ZB - (ZB"2 - 4*ZA*ZC)**0.5)/(2*ZA) 
if ((ipt.lt.O).or.(fpt.pt.l)) 

1 Fpt = (-ZB + (ZB**2 - 4*ZA*ZC)**0.5)/(2*ZA) 

c***** calculation of actual system power and temperaturs 
c at running point 

Tiact = Fpt*par(2,1Ftik)+(l-Fpt)*par(2,1Ftik-I) 
Topact = Tiact*(Topc-Topn)/(tic-Tin)+ 

I Topn-Tin*Cropc-Topn)/(Tic-Tin) 

Af = Fpt*par(lO,IFtik)+(I-Fpt)*p(IO,IFtik-I) 
Tihum = Fpt*par(l l,IFtik)+(I-Fpt)*par(lI,IFtik-I) 
Wihum = Fpt*par(lZ,lFtik)YI-Fpt)*par(l2,IFtik-I) 
Teex = Fpt*par(l3,IFtik)+(l-Fpt)*par(l3,IFtik-I) 
Tehe = Fpt*par(l4,1Ftik)+(I-Fpt)*par(l4,1Ftik-1) 
Tehum = Fpt*par(l5,IFtik)+(l-I:pt)'par(l5,IFtik-I) 
Wehum = Fpt*par(l6,1Ftik)Yl-Fpt)*p(16,1Ftik-I) 
Teuul = Fpt*par(l7,1Ftik)+(l-Fpt)*par(17,IFtik-I) 
Weuul = Fpt*par(lS,IFtik)+(l-Fpt)*par(lS,IFlik-I) 
TSup = Fpt*par(19,1Ftik)+(l-Fpt)*par(l9,lFtik-I) 
Fsysact = Af * 0.34 (Tsup - Tiact) 

c***** Power delivcred by each component 

c***** Outdoot air 
Pair-ex1 = 0.34 Af (Tei-Tiact) 

c***** Heat exchanger 
Pexchang = 0.34 Af (Teex-Tei) 

c8**** Heating coil 
Pheating = 0.34 * Af * (TehcTeex) 

c8***' Direct humidifier 
Pdirml = 0.34 ' Af' (Tehum-Tehe) 

cb**** Cooling coil 
Pmling = 0.34 Af * (Tecool-Tehum) 

c***** Fan heating power 
Pfan = 0.34 ' Af (TsupTeuul) 

cb**** Electrical power of fan 

Plan-el== PfanlfanreleK 

cb**** Balance 
Rot= Pair-ex1 + Pexchang + Pheating + 

1 Pdirml + Pmling + Pfan 

c***** Extract air 
Pexch-Tiprev = REXCH'0,34*AP(Tiprev-Tei) 
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c*****  Indirect humidifier 
Pindirect = REXCH*0.34*AP(Tihum-Tiprev) 

c***** Pexchange balance 
Rot-exchange = Pexch-Tiprcv + Pindirect 

c*****  Water needs for indirect humidifier(glh) 
Wat-indO = A f *  (Wihum-Wiprev) 

c***** Needs o f  water if the exchanger is running 
if(par(5,iFtik).GT.O) then 

Wat-ind = A f *  (Wihum-Wiprev) 
else 

Wat-ind = 0 
end if 

c***** Needsofwater for direct humidifier (glh) 
Wat-dir = A f *  (Wehum-Wei) 

c***** Calculation ofindoor humidit j  

c***** doesn't take into acwunt ofthe deshumiditication 
c due to the cooling mil 

wiact = (l/(l+Af/vol))*(wiprev+AVvol*wecool+Alint/(l.2*Vol)) 

c*****  Latent power of the cooling mil 
Plat=O.81*(Wecool-Wehum)*Af 

c*****  Running state of air unit wmponenls 
do is=1,9 

Paract(is) = Fpt*par(is,lFtik)+(l-I;pt)*par(is,lFtik-I) 
end do 

c**** Saving previous values 
TIPREV = l'iacI 
WIPREV = Wiact 

c***** Output ofthe module under Xoutputs form ****** 
Xout(l) = IHS 

c***** Temperatures (oC) and humidity (g) 
Xout(2) = Tiact 
Xout(3) = Topact 
Xout(4) = Wiact 
Xout(5) = l'sup 

c*****  A i r  flow (m31h) 
Xout(6) = A f  

c*****  Sensible power (W) 
Xout(7) = Pheating 
Xout(8) = - Pcooling 

c***** System Energy (sensible + latenl)(W) 
Xout(9) = PheatingIRch 
Xout(l0) = -(Pcooling + Plat)/etGi 
Xout(l I) = Pfan-elec 

c***** Water needs (g) 
Xout(l2) = Wat-indO 
Xout(l3) = Wat-dir 
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c8**** Running state ofair unit mmpontnts 
do is=2,8 

Xout (l2+is) = Paracl(is) 
end do 

c***** Write outputs in outouts file 
wi l e  (12,2001) (Xout(i),char(9).i=1,20) 

2001 FORMAT(2O(F8,2,AI)) 

END DO 

c8**** Closing file 
CLOSE (10) 
CLOSE (1 1) 
CLOSE (12) 

END 

c profile Generator 1 ou 2 based on 168 h 
c ihs:hour of (I ... 168) ,ia : index 1 or 2, 
c 1JS:day of week, ihj : hour ofday 

SUBROUTINE profile (IHS,HI,H2,NJA,IA,IJS,IHJ) 
REAL HI,H2,NJA 

lJS=I+(IHS-1)124 
1HJ=IHS-24*(IJS-I) 
IA = 2 
IF ((IHJ.LT.(HI+I)).OR.(IHJ.GT.(1~+0.5))) IA=l 
IF (IJS.GT.('I-NJA)) IA=l 
IF (HI.EQ.HZ) IA=2 
return 
end ........................................................... 

C **'** function FADIAB= possible increase of humidity 

FUNCTION FADIAB(T,W) 
F A=O.O 
A=18.8161 
B=4 110.34 
C=235 
FXH=MAX(O,O.2545*T-0.3636.W) 

50 FAISFA 
FA=(T+C-2.S*FXH)*(A-LOG(W+FXH))-B 
IF(FA.LE.0) GO TO 100 

100 CONTINUE 
FADIAB=FXH-O.I*FA/(FA-FAI) ~ ~~ 

RETURN 
END 

note : the executable version given in the disquette must be run under DOS directly to obtain the 
screen displayed results 
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[ 10. Sample results 

Detailed results for the following four cases are presented below for a typical warm day in summer 
(system sizing) and for a reference typical year (location Trappes): 
- two systems :direct + indirect evaporative system and indirect evaporative +cooling coil 
- two building characteristics :high inertia with East orientation and low inertia with West orientation 
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Sensible needs of mom 

h e r  all 

Water. needs. 1 

OCC.  
Orera11 195 102 98 
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mP UP SP SPSW SPLV PP IOR N C  IDP ROL IBR I W  UN IPS 
1 1 0 . 4 4 ( 0 . 0 2 1  0  1 0  1 5 . 1 1 9 0 1 9 0 1  0  1 0  1 0  1 0  1 0  1 0  
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Control Matrixes: 
For each system, control matrixes have been defined which were used in all previous calculations, for 

lmmer . . a n d r  w+r c o w o n s ,  during occ_up.ancy,a~jn~cupancy (24 cont!ol matrixes): 
control nnatri~ h i n ~  w r u p r )  rur vummr 

air flow 
rate ratio 
ac t~a IAb  C 

System: none 

- f low/ Madrml Air llow 

I In1  trn, S \ d h  1 0 1 1  10.13 [ 1111 1 0 1 3  1 . I 3  1 15 I I d  1 10 1 10 
u \ c c d m ~  h u m l  I ' o . i l . + o  ' 1 . 0  I o 1 . 0  1 ' 0  I o I o I " n  
~ ~ l c l ~ n ~ l h u n u ~ l i . ~ t ~ l n ~ l  I . b '  '1 0 I 0 1 'I, I 0 I ' 0  1 0 1 0 ' 1  0 

Suslcm : evaoomlivr diicei Ili-oce 1 211.0 1 2 1 1 1 0 1 2 1 4 . 0  1 5 1 2 . 0  1 711.0 

rate ratio 
actualAir I l o w I M a d m l  Airflow 

air flow 
rate ratio 
ac lua lA i r l low/Madml Airflow 

rate ratio 
actual Air flow/ Madrrnl Air flow 

A F m r : Z v o V h  1 0.50 1 0.50 1 0.50 I 0.50 1 0.50 1 1.0 1 1.0 1 1.0 1 1.0 
A F m x : 4 v o V h  1 0.25 1 0.25 1 0.25 1 0.25 1 0.25 1 1.0 1 10 1 1.0 I 1.0 
A F m x : 6 v o V h  1 0.17 1 0.17 1 0.17 1 0.17 1 017 1 1.0 1 1.0 I 1.0 1 1.0 

luseufcooliny coil 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1  
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Control marl, during non o r c u p r y  for summer 

rate ratio 
Aclual Air llowl Madrml A=llow 

m e  ratio 
AerualAblIowlMadrmtAbllow 
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Control matrix during wrupmry ror uintrr 

S\,rlcn~: Inone 
airflow 
n t e  n t i o  
Actual Air flaw! M a i m 1  Air Iluw r 

n l e  ratio 
Actual Air flaw! M a i m l  Airflow 
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Conwol matrix durlng nan a rvpy lc r lo r  *Inter 



IEA Annex 28 

Low Energy Cooling 

Subtask 2: Detailed Design Tools 

Design Tools for Evaporative 
Cooling 

Algorithms for direct and 
indirect evaporative coolers 

Lawrence Berkeley National Laboratory. Berkeley (USA) 

Peilin Chen, Yu Jw Huang 



IEABCS Annex 28 . Detailed Design Tools for Low Cooling Energy Evaporative Cooling Chapter D 

Contents Chapter D 

3. General desc 
4. Nomenclatur 
5. Mathematical d 

............... 

5.4 Relationship beheen effective surface temperatures L, and t 
5 5 Heat transfer effectiveness E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
5.6 Calculation of convective heat transfer coeffic~ents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
5.6.1 Tube-type indirect evaporative coole 
5.6.2 Plate-type indirect evaporative coole 
5.7 Calculation of friction loss factors 

6. References 
7 Flowch 
8. Source 



IEA-BCS Annex 28 Detailed Design Tools for Low Cooling Energy Evaporative Cooling Chapter D 

1 1. Technology area 

Component models for indirect and direct evaporative cooling systems. 

12. Developed by 

Name Peilin Chen and Yu Joe Huang 

Organisation : Lamence Berkeley National Laboratory 

Address Mail 90-2000. 1 Cyclotron Road. Berkeley CA 94720 U.S.A. 

Phone (510) 486-7082 

Fax (510) 486-4673 

E-mail YJHuang@lbl.gov 

- -  1 3. General description 

The purpose of the models are to simulate the performance of direct and indirect evaporative cooling 
systems. Although the models rely on basic principles of heat and mass transfer, a number of 
simplifications have been made to reduce the computational effort. The models can be either 
incorporated directly into building energy simulation programs, or used to generate effectiveness curves 
that can then be utilized in the building simulations. 

Two direct evaporative cooling models are included, one based on laboratory test data of rigid cellulose 
media and aspen pads, and the other based on regression analysis of manufacturer's data. The required 
inputs to dec1.f are the dry-bulb temperature and humidity ratio of the entering air, the dimensions and 
type of direct evaporative cooling media, air flow rate, and fan etficiency. The outputs are the 
psychrometric conditions of the leaving air, the effectiveness of the evaporative cooler, fan and pump 
power, and total power demand. Figure 1 is an information flow diagram for dec1.f. 

* . . . 
i :g5 
m z - v  
t 5 t S  

DEC parameters 

fig. 7. inputs and  outputs for direct evaporative cooler model dec1.f 
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dec2.l is another simple regression model of direct cooling effectiveness based on manufacturer's data 
provided for reference. The required inputs are the dry-bulb and wet-bulb temperatures of the entering 
air, the thickness, height, and width of the rigid cellulose media, and the air flow rate. The outputs are the 
psychrometric conditions of the leaving air, the effectiveness of the direct evaporative cooler, and its 
water consumption. The information flow is similar to that shown in Fig. 1 for dec1.f 

The indirect evaporative -ling model idec.f considers three basic heat-exchanger designs - tube, plate. 
and plate-fin types. The model inputs are the physical dimensions and thermal properties of the heat 
exchanger, and the entering air parameters and flow rates. The outputs are the leaving primary and 
secondary air parameters, effectiveness, water evaporation rate, air pressure drops, cooling capacity, and 
power demand of the indirect evaporative cooler. Figure 2 is an information flow diagram for idec.f 

Comparisons of this model to laboratory tests showed an average difference in effectiveness of less than 
0.03, and pressure drop of less than 5 Pa. This level of error translates to a difference in predicted 
temperature of 0.3"C. 

HX parameters 

fig. 2. inputs and  outputs for indirect evaporative cooler model idec.f 

14. Nomenclature I 

A = area, m2 

B = barometric pressure, mbar 

C. = local loss coefficient, dimensionless 
COP = coefficient of performance 
c, = specific heat of air, kJ/kg0C 
D = mass transfer coefficient, glm2s 
d = diameter or hydraulic diameter, m 
E = effectiveness, dimensionless 
f = friction loss factor, dimensionless 
g = mass flowate, kg/s 
h = enthalpy, kJ/kg 
K = conductivity. w/m0C 
L = length, m, or volumetric flowate,m3/s 

ad 
Nu = Nusselt Number. Nu = - 

K 
lOOOc,p 

Pr = Prandtl Number. Pr = 
K 

= cooling capacity, kW 
vd P = Reynolds Number. Re = - 
II 

= relative humidity, dimensionless 
= tube distance, m 
=temperature, "C s 
=velocity, m/s 
= humidity ratio, kglkg 
= required fan power. W 
= convective heat transfer 

coefficient. W/m2oC 
= total pressure drop. Pa 

= friction loss, Pa 

= local loss, Pa 

= density, kg/m3 

=dynamic viscosity of air, kglms 
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Subscripts 

db = dly bulb 
wt, =wet bulb 

i = inside 
o = outside 

P = primaly 
s = secondaly 
r = room 
rn = average 

1 = entering 
2 = leaving 
w = of effective surface 
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[ 5. Mathematical description --I 

The heat and mass transfer processes inside an indirect evaporative cooler are complicated. For 
practical purposes, the following simplifying assumptions are made : 

1. The water film temperature over the tubes and plates in the sewndary air is assumed to be uniform 
and represented by an effective surface temperature L. 

2. The heat and mass transfer effects between the water droplets and the air in the sewndary air are 
assumed to be negligible and ignored in the calculations. 

3. The surface temperature of the tubes and plates on the primary air side are also assumed to be 
uniform and represented by an effective surface temperature t, . 

5.1 Heat and mass transfer between the secondary air and the wet surface 

For a differential heat transfer area dA,, the following equation can be written : 

where gs = secondary air flow rate, kgls 
h, = enthalpy of saturation air with qective surface temperature L, kJ1kg 
D = mass transfer coefficient, kglm s 
h, = enthalpy of secondary air, kJIkg 

Substituting the Lewis relationship D2 = a,/lOOOCp into Equation 1 gives : 

where c, = specific heat of air,kJlkg0C 

a, = convective heat transfer coefficient. W / ~ ~ " C  

Integrating Equation 2 results in : 

where h., = enthalpy of entering secondary air, kJlkg 
hS2 = enthalpy of leaving secondary air, kJlkg 
A, = heat transfer area at sewndary air side, m2 

From Equation 3 the following equation can be obtained for calculating h.2 : 

5.2 Heat balance of the primary air 

When the cooling process of the primary air is sensible, its heat balance equation is : 
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After rearranging Equation 5 the following form can be obtained : 

where bbp l  = dry bulb temperature of entering primary air. "C 
b = dry bulb temperature of leaving primary air. "C 
1, = effective surface temperature. "C 

a, = convective heat transfer coefficient, w/m2 "C 

QP = primary air flow rate, kgls 
A, = heat transfer area at the primary air side, m2 

For a plate-type heat exchanger, A, = A,= A,. 

5.3 Heat balance between primary and secondary air 

The heat loss of the primary air must be equal to the heat gain of the secondary air. Therefore; 

Substituting Eq. 6 into Eq. 8 gives : 

9 1 
h,l=h.,+Lc,(t,,,,-t,)l- 

1 
92 I %A, ) 

exp(lOOOg,c, 

5.4 Relationship between effective surface temperatures L and k 

For a tube-type indirect evaporative cooler, 

l w i  -Lo 1000g,(h,2 - h , , )  = nZnK,L 
d 

In 2 

where n = number of tubes 
L = length of tubes 
K, = conductance of tube (W/m°C) 
d. = outside diameter of tubes 
d, = inside diameter of tubes 

For a plate-type evaporative cooler, 
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K m 

1000gs(h,2 -h,,)= A-(t,i - t w o )  
I 

(12) 

where I = thickness of the plates, m. 

5.5 Heat transfer effectiveness E 

The heat transfer effectiveness, E, is defined as : 

tap1 - tap2 
E = (14) 

tdbP1 - t-1 

where t,wr = w t  bulb temperature of entering primary and secondary air, OC. 

In the above derivation, there are four unknown variables, L. L,, h,, and tdbp2. It w u l d  be 
mathematically difficult to solve for the four unknown variables theoretically. However, it is quite easy to 
do so using a trial-and-error method in a computer program : 

1. make an initial guess oft,, and calculate the initial enthalpy h,. 

2. use Eq. 4 to calculate hs2 

3. use Eq. 11 or Eq. 13 to calculate L,. 

4. use Eq. 9 to calculate a new hS2. 

5. compare the tma values of h,,. If they are not identical, make a new guess of t,, and repeat the 
procedure until the tma h e  values equal each other. This produces the correct values for t,, L, and 
hs2. 

6. use Eq. 6 to calculate h2. Other parameters for theleaving primary and secondary air streams can 
be calculated using standard psychrometric equations. 

7. use Eq. 14 to calculate the heat transfer effectiveness. E. 

This procedure has been programmed into the idec0.for and idec.for programs. The only difference 
between the tma programs is that idec0.for has an interactive input stream, while idec.for is set up for 
batch processing with an input file idec.inp, and an output file idec.out. 

5.6 Calculation of convective heat transfer coefficients 

To solve the above equations, it is necessary to calculate the convective heat transfer coefficients for 
the primary and secondary air streams (ai and a). The following equations are used to calculate K. p , 
and p : 

where t = air temperature. 'C 
El = barometric pressure, mbar 
w = humidity ratio of air, kglkg 

5.6.1 Tube-type indirect evaporative coolers 
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The following equations are used for forced convection inside tubes under turbulent flow : 

1o0ocpp, 
Pr, = 

K, 

where L = tube length, m 
di= inside tube diameter, m 

From Equation 18. 

For forced convection when the secondary air flow is turbulent and normal to staggered tubes, 
and row number is greater than 10, the equation is : 

a d st 0.2 
Nu, 0,3lRe:.'(-) (25)) 

K ,  s 2 

Here. 

B ( l +  w,,) 
P. = 4.615(273.15 + t,)(0.62198 + w,,) 

where S, = tube distance (center to center) in a row, m 
S2 = row distance (center to center), m 
d. = outside tube diameter, m 

From Equation 25. 
K S 

a, = '0.31Re:8(-)02 
do s2 

5.6.2 Plate-type indirect evaporative coolers 

For very narrow passages between plates, the following equations can be used : 
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a. When Re 2 1000, 
ad 

Nu = -= 0.2Re"'pr"' ( + I  
K uw 

b. When Re 2 10, 

where d = hydraulic diameter of primary or secondary air passages, m 
L = length of primary or secondary air passages, m 
.I&= dynamic viscosity of air with effective surface temperature L, kg/ms 

In Eqs 32 and 33, p, K and p (needed to calculate Re) should be calculated using the average 
air temperature. 

c. When 10 < Re < 1000, an interpolative method can be used 

5.7 Calculation of friction loss factors 

Colebrook's formula is used to calculate the friction loss factor : 

where f = friction loss factor, dimensionless 
k = roughness of passage walls, m 
d = hydraulic diameter, m 
Re = Reynold's Number of the air flow, dimensionless 

Since it is difficult to solve f directly by Eq, 34, an iterative method is used. 
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17 Flowcharts 

Figure 3. Flowchart for DEC1.F 

1 C.lt",.l. ,a .  Y " .  i R.. . "dC .  P c  N u ,  n 
Le.".,,", ri.ro.,,*. ! . . " d  8 . P O 0  "am1 0 1  i . i r .  ..*"old. ' I P , . n e l  " a ' ,  , 

Figure 4. Flowchart for DEC2.F 
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Figure 5. Flowchart for 1DEC.F 
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1 8. Source code 1 
Program dec1.f 

c This program is used to calculate the effectveness, sensible 
c cooling capacity and energy and water consmption of direct eva- 
c porative coolers including the rigid impregnated cellulose evapo- 
c rative media and the aspen pad. 

program decl 

implicit real (1.m. nl 
chardcter'8 name 
0penl5. file-'dec1.i"~' 1 
0penl6, file='decl.out') " - 

C start batch mod by YJH 
C 

C 

c tdbl vl B L lm AC eta idir 
c dbt humrat atmp flow len area fan eEf ll=cell, 
c [cl [ I [IOOPal lm3/sj lm] Im21 I i 2=aspenl title 

read(5, *, end=9991 tdb1.wl.B. L,lm,Ac,eta, idir, name 

h1=1.01'tdb1+ul'12500.0+1.B4*tdb11 
call map30ltdbl,hl,ul,B, tvbll 
call ~vvplltdb1,etll 
RH1=~1'B/~(0.6219B+~ll*etlI 

hl=enthalpy of oucdoor air, kJ/kg 
fwb1-0utd00~ air wet-bulb temoerature. C 

c ~ u e s s  the initial values of the average temperature and 
c humiditv ratio of the air: 

. 

v=L/Ac 
"=face air velocity, m/s 

- - - - - . . . - - - - - - - . . . - - - - - - - - - - -  
iflidir.eq.11 goto 200 
if(idir.eq.21 goro 300 
- - - . - . . . - - - - - - - . . . - - - - - - - - - - -  
rritet6.210)name 
fomaf1'MEDIA : RIGID IMPREGNATED CELLULOSE CASE=',aBI 

le-characteri~tic thickness obtained from experiment 
lcr=the length used in Re and Nu 

xa=O. 1 
xb=0.12 
As=351.0'lm 
goto 210 
. - . . - - - . . . . . - - - - - - - - - - - - - - - - - - -  
vritel6.3101 name 
fomdt('MED1A : ASPEN PAD CASE=',aBl 

" - - . . . . - . - - - - - . . . - . - - - - - - - - - - - - . - .  
210 continue 
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c ro=air density, kg/m+'3 

c Mu=dynmic visco~ity of air. kglms 
C Re=Reynold9 Number 
c cndc=heat conductivity of air. W/mC 
c c=9pecific heat oE air, kJ/kgC 
c Pr=Prandtl Number 

c Because of Nu=hH*lcr/cndc=xa'ile/lml*'xb*Re*~0.8*Pr*'0.3333 

Nu=Nusselt Number 
hH=convectiue heat transfer coefficient. W/m**ZC 

NTU=nYmber of transfer units 

Continue 

call suvpl ltdb2, et2) 
RH2-u2'B/1l0.62198+~2~*et2~ 
twbZ=trbl 

tdb2,tvb2.h2,u2=dry-bulb temperature, uet-bulb temperature 
enthalpy and humidity ratio of supply air 
respectively. 

G=L'ro 
deltaW=Ge(w2-rl) 

deltaW=water consumption, kg/s 
deltaP=air pressure drop. Pa 
Nfan=fdn power demand, W 
Npump=pump power demand, W 
Ntotal=total power demand, kW 
Q=9ensible coolin capacity, kW 
E=effectivenes9 
~o=heat transfer area, m"2 

- - ~ - - - - - ~ - - - - ~ . - ~ ~ - . . . . . ~ ~ ~ ~ ~ ~  
urite(6,400ltdbl,vl, twbl.RH1, tdb2,u2,tub2,RH2,B 
formatl' tdbl=',f6.2.lx,'ul=',f8.5,lx,'tubl=',£6.2,Ix.'~1=', 
1 f6.3/' tdb2=',f6.2,lr,'v2=',f8.5,Ix,'tub2='.f6.2,Ix.'RH2=', 
2 £6.3.1x.'B=',f8.2) 

urite(6.4201L.G.1m.Ac 
format(' Air Elourate L, m~*3/s=',f6.2.2x, 
1 ' G,kg/s=',f6.2,3~/ 
2 ' Media Thickness lm, In= ',f6.4,3x,'Face Area Ac,m"Z='.f6.2) 

vrite(6.44O)E.Q 
formatl' EfEectiveness E = '.6x,f5.3.3xr 
1 'Sensible Cooling Capacity Q,kW=',f6.21 

urite(6,46OldeltaW,deltaP 
formdri' Water consumption.kg/s= '£5.3.3~. 
1 'Pressure Drop,Pa='. £6.21 

writel6.480)u.Ao 
formatl' Air Velocity v,m/s= ',5x,£4.2,3x, 
1 'Heat Transfer Area ~o.m"2=' .f5.11 

write 16.4gO)Ntotal 
formatl' Power Demand, kW=' ,  6~~f6.21 
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999 close I51 

end 

submutine ~~vpl(t,pI 
c cal~ulation of saturated Water Vapor Pressure 

a=(273.15+t1/273.16 
al=10.79571'(1-llal 
a2-5.O280O1aloa10~a1 

return 
end 

f o r  l i s t i n g  of subroutine =p30.f, ass l i a t i n q  for p r q M  idec.f 

Program dec2.f 

c  hi^ program calculates the effectiveness and water consumption of direct 
c evaporative coolers based on regression equations from Hunters literature 
C 

program dec2 
implicit real 1l.m.n) 
openis, file='dec2 .inpal 
openl6, file='dec2.out'I 

r 
C read dace 

c tdbl tvbl B HT WD Dl L1 
c dbf wbt atmp heigh widch depth £10- 
c lcl fcl [Pal lml lml Iml lm/sl 

C 

50 read(5, +,end=9991 tdbl,twbl,Bs.HT,YD, Dl,Ll 
c writel',') tdbl, trbl,Bs,HT,WD.D1,Ll 
C 

C 
c calculate humidity ratio, enthalpy, end relative humidity 
C 

call map6lcdbl,tubl,Bs,wl,hl.RHT1 

call mvnters2 (HT.DI,WD.Ll,tdbl, tubl,hl,rl.Bs, tdbZ.w2,dW.€l) 

write(6.1201 HT, WD, Dl, Ll, Cdbl, Cubl,ul, Bs, tdb2,uZ,dW.€l 
120 f o m t  ('HT(m]=',f5.3,' WD[ml=',f5.3,' DP[ml=',f5.1, 

1 a Lllrn3/51-',f5.3,/ 
1 'dbe[CI=',fS.l, ' wbeIC]=',f5.1, ' wl='.f7.1, 
1 BlPal=',f8.O,/ 
1 'dbl[C]=',f5.1,~ uZ='. €7.4,' h2oIglsl='.f6.3; €='.f6.31 
90 to 50 

999 ;lose 151 
end 

c This subroutine is used to calculate direcc evaporative 
c air coolers of CELdeklGLASdek pads IUUNTERS HUHI-KOOL). 

real L1 
- . . . . . -- .- . . . . . . ---------------  

c HT.WD-------height and width of the CELdeklGLASdek pads lm1 
c Dl----------depth of the CELdekIGLASdek pads (ml 
(1 (5tandard depths 0.102 112inl. 
c LI----------air flowrate. lm31s). 
c tdb1,twbl---dry and wet bulb temperatures of entering air, (C) 
c hl----------enthalpy of entering air (kJ/kg) 
c wl----------humidity ratio of entering air 
c tdb2--------dry bulb temperacures of leaving air. ic) 
c w2----------hwnidity ratio of leaving air 

dw--.--..-.. water consumption, ikg/sI 
c €1----------heat transfer effectiveness. " ~ - . . . . . . ~ . ~ ~ . ~ ~ . - - ~ - - - - - - ~ - - - - -  
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b=0.16424+0.00073'D1-0.080311-41D11*2 
1+0.01851e-6+D1++3-0.00131e-8*D1**4 
El=la/v'+bl~O.Ol 

=he leaving air parameters of the CELdek/GLASdek are: 
tdbZ=tdbl-El'ltdbl-tubl) 
h2=hl 
uZ=(h2-l.0l*tdbZl/I2500.0+1.84'tdbZl 

.~. . . . . . . - - . . . - - - - - - - - - - - - - - - - -  
c The water consumption is: 

dW=L1+1.2+1000*Iu2-w1) 
return 
end 

for  l i s t i n g  o f  oubroutioea 2nap6.f and a-.f, sea end of fol laring program i & c . f  

Program idec.f 
( idec0.f  oimilarl 

program idec 
C 

c this is a modified version of evap2.f to do batch runs IYJH 6/24/91) 

c ~ h i g  program is made far thermal and hydraulic calculations of 
c tube type, plate type, or plafe-fin type indirect evaporative 
c coolers. The primary air is outdoor air and the secondary air 
c can be the room return air or outdoor air. 
C 

implicit realll,rn.nl 
integer itype 
character'l0 typenaml31 
characte=+B atype,name 
character'4 flag 
data rypenam/'TUBE','PLATE','PLATE FIN'/ 
open15.iile='idec.inp') 
open(6, file='idec.out') 

C 
C start batch mod by YJH 
C 
105 redd(5.981 flag 
98 format la41 

if (flaq.eq:LINE'l then 
read15.991 

99 formatl31/11 
ao to 105 

endif 
c 
CLINE 1 : 
c tpdbl tpwbl tsdbl tsubl B Lp Ls eta itype 
c pri pri sec sec atm pri sec fan 
c dbt ubt dbt ubt pres flow flow eff 
c [Cl [cl Icl Icl [Pal [rn3/sl W / s I  [a81 
C 

50 read(5,100,end=9991 tpdbl,tpwbl,tsdbl,tsub1,B.Lp,Ls.eta,atype,narne 
100 Eormat(4f6.1, f8.0,2f6.3,f6.2,2 (lx,a81] 

if 1atype.q. 'TUBE 'I itype = 1 
if latype.eq.'PLATG 'I itype = 2 
if latype.eq.'PLATEEIN'l itype = 3 
if (tsdbl.eq.01 tsdbl = tpdbl 
if ltsvb1.eq.0ltsubl = tpwbl 
if ILs.eq.01 Ls = Lp 
rritel6.1001 tpdbl, tp*bl,tsdbl, tsrbl, 
urife16.10011 tmenamIitv~e1,narne . . . . 
EormatI'IDEC TYPE : ~,aIC,'~',a8,~1~1 
call map6ltpdb1, tpubl.b.rpl.hp1, rhpll 
cell map6ltsdbl,tswbl,b,w91,hh1,1hh1l 
if litype.eq.11 goto 500 
if litype.eq.21 goto 800 
if (irype.eq.31 goto 900 

500 continue 
c 
CLINE 2 if itype = 1 (tube type1 : 
c b4 L di do n nl n2 31 sZroughcoe f f l coePfZcoe f fucndcu  
c in1 in1 tub tub tub num dis/ cow ness loss loss loss k 
c ht len id od no /row rows row dis to t fr t sorav lkJ/ 
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1000 vp-LP/AP 

vs-~s/&s 

c A s s m e  the average entering temperatures and himidity ~atios of the 
c primary and secondary air: 

tpm=tpdbl 
tsm=tsdbl 
upm=wpl 
v5m=w91 

c 
do 8000 i=1.2 

c Calculate the average density of the primary air imp) and that of 
c the secondary air lrosl: 

rop=b*(i.+upm)/(461.5*(273.15+rpm1+(.62198+upm)1 
10s=b~(l.+w~m)/(461.5+1273.15+t~ml~~.62198+~sm~~ 

c calculate the mass flowrates (gp and gsl, k g / = :  
gp=Lp' rop 
99-Ls*1.05 

c Calculare the dynamic viscosities lmul. kglm s; Reynolds Numbers 
c (Re); heat conductivities icndc), W/m C; Prandtl Numbers IPr); 
c and the Nusselt Numbers (Nu): 

c=1.01 
c where c=specific heat of air. kJ/kg C. 

cndcp=7.6916e-5'tpm+2.417Be-2 
mup=9.80665e-6'(1.712+.0058+tpml 
Prp=c*mup'lOOO./cndcp 

cndcs=7.6916e-5+tsm+2.4178e-2 
mus=9.80665e-6*11.712+.0058'tsm) 
Prs=c*ms*1000./cndcs 

C 

if 1irype.eq.l) goro 1210 
if (Itype.eq.2) goto 1240 
if (itype.eq.3) goto 1270 

c 
c Nup=hcp~di/cndcp=O.O23~RepPPO.88P~pPP).4~(l.0+jdi/~)*+O.7) 
C N ~ S = ~ C S ' ~ ~ / C ~ ~ C I = O . ~ ~ ~ R R R ~ * O . ~ ~ S ~ ~ O . ~  
c where hc=convective hear transfer coefficient, kJ/m-2 C. 

1210 Rep=vp+di'rop/mup 
~ e ~ = v s + d o + r o ~ / m ~ s  
hcp=cndcp/di*.023*RepPPP88P~pP*P4*~l.+~di/Ll**.7~ 
hc9=cndc9/do'.31-Res++.6'9".2 

c where hc=convective heat transfer coefficient, k~/m';2 C. 

1240 Rep=vp'dpeq'rop/mup 
Res=vs'dseqtros/mus 
hcp=cndcp/dpeq~.036'Rep'*.8~Prp~*.33*ldpeq/Lll'*.055 
h c s = c n d c s / d s e q ~ . 0 3 6 + R ~ ~ * ~ . 8 ~ P ~ ~ ~ * . 3 3 ' ~ d s e q / h l ~ ~ ~ . o 5 5  
fl=exp~hcs+~/ (gs~c*looo.) 
f2=expihcp~A/igp*c+lOOO.H 
got0 2000 

C 

c If Re is less than 10.0. Nul=1.6~+(Re'Pr'deq/lengthl*+O.4 
c If Re is greater than 1000.0, Nu2=O.2'Re"0.67'Pr**OO4 
c If Re=10.0-1000.0, Nu3=Nul+iNu2-Nul)/Il000.0-10.O)*iRe-10.0) 
c in abave equations, length=passage 1ength.m. For the primary air 
c passages length=Ll; for the secondary air passages length=hl. 

t2=t\ubl 
c Guess an initial value of the water temperature (which equals 
c the wall surface temperature at the secondary air side) tu=two: 
2100 tuO=.5'lfl+t2) 

call map4 ltuO,b,uuO,hv0) 
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hsZ=hrO-lhr0-hslilfl 

c Calculate thi well surface temperature at the primary air side tup: 
if 1irype.eq.l) goto 2400 
trp=lOOO.'gs'Ihs2-hs1~~dLl/~ARcndcc~+tw0 
goto 2410 

2400 fup=1000.'gs~(hs2-hsl)/(n*2:3.1416'cndcr~l)'alogldo/di)+trO 
2410 call map4 1trp.b.rup.hup) 

call mapOltpdbl,b,rpl,RHpl, tpdpll 

goto 2100 

2520 ifltpdbl.lt.tswbll goto 2525 
t2=tw0 
got0 2100 

2525 tl=trO 
goto 2100 

2500 tw=twO 
C 

if 1tpdpl.lt.tup) goto 2530 
hpZ=hrp+Ihpl-h-I /f2 
up2=uwp+irpl-wpl /f2 
tpdb2=Ihp2-25OO.'up2~/11.01+1.04'~2) 
goto 2540 

2530 wp2=upl 
t@bZ=tup+(tpdbl-twp) /E2 
hp2=1.Ol*tpdb2+~2'12500.+1.04*tpdb2) 

2540 ws2=w0- IwwO-wsl) lfl 
tsdb2=(hs2-2500.*us2~/11.01+1.04*ws21 

tprn=.5+ ltpdbl+tpdbZl 
tsm=.5'(tsdbl+tsdb21 
upm=.5*(upl+up2l 
usm=.5' (wsl+us2) 

0000 continue 
C 

call map301tpdb2,hp2,rp2,b,tpwb2) 
cell swvpItpdb2.etp21 
rhp2=up2*b/((rp2+.62198)'etp2) 

call mep30(tsdb2,hs2,rsZ,b,tswb2) 
call srvpItsdb2.ets2) 
rhs2=rs2*b/llws2+.62190~~ets2~ 

=.- .- 
c The hear r r a n 3 f e r  effectrveness for the prlasry a l r  it, r o .  

e-tcudbl-c~db2 /~c~dbl-tsuSl 
c The water evaporation rate IdW), kgls, is: 

~ W = ~ S *  (W&WS~I 
c   he evaporative cooling capacity (a). kw, is: 

Q=gpf lhpl-hp2) 
C 

if(itype.eq.1) goto 4000 
call frictionlroughp,dpeq,Rep,fp~ 
call friction(roughs,dseq,Res,fsl 

c Pressure drop of che primary air dpp, Pa: 
dpp=Icoeffptfp'Ll/dpeq)'vp'vp'rop/2.0 

c Pressure drop of che secondary air dps, Pa: 
dps=lcoeffw+coeffa+rs'hl/ddps.o'vs'v.'rosdps.o'vs'v.'rosq~*v~~v11~110s/2.O 
goto 4200 

C.--.-------------------------------------------.--.--........--...--.. 

4000 call frictionlrough,di,Rep,fp~ 
~ ~ 

coeffp=coeffl+coeff2 
c Pressure drop of the primary air dpp, Pa: 

d~~=(coeff~+f~'L/diI+M'M*ro~/2.0 . . . . 
call losslldo,sl,s2,n2;~ei,co~ffs~ 
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4200 powerp=dpp'Lp/eta 

pouers=dps*Ls/eta 
c where pouerp, pouers----powers required to overcome the hydraulic 
c resistances to the primry air and the secondary air, respectively. 
c The coefficient of performance of the indirect evaporative cooler is 

CoP=Q*lOoo.O/(pouerp+p~wer~l 
....................................................................... 

vrite(6.30011 tpdbl,tpvbl.rhpl. tpdb2 
urife(6.3000l cpdbl, tpubl,rhpl,wpl,hpl 
urite(6.3100) tpdb2, tpwb2.rhpZ.wpZ.hp2 
vrite(6.3200l tsdbl, tsrbl.rhsl.rsl.hs1 
vrite(6.33001 tsdb2.tsub2.rhs2.ws2.hs2 
rritel6.3400l b.lp,ls,ap,as 
urite(6.35001 vp,vs,ao,ai,a 
rrite(6.36001 gp,gs. tr. tup 
vrite(6.3700) Rep,Res,hcp, hcs 
write(6.38001 e,dv,q 
write(6.39001 dpp,dps.poverp,poue~s,COP 

subroutine map6ltdbs. tubs,bs.w~,hs,=h~l 

c This subroutine is used to calculate the humidity ratiolrs), enthalpy(hs1 
c and the relative humidity(RS). Given: dry bulb temperacure(tdbs), vet 
c bulb temperature(tvbs1 and barometric pressure(Bs.Pa1. 

call swvp (twbs, ewbs) 

c ewbs=water vapor pressure of saturated air vith the temperature of rubs, 
C P a .  

rub~=.62198'erbs/(bs-evbs1 

c wbs=humidity ratio of saturated air vith the temperature of tvbs, kg/kg. 

call swvp(tdbs,edbsl 

c edbs=vatex vapor pressure of the air, Pa 

c This subroutine can be used to calculate the parameters oE the 
c satura~ed air when its temperature is given. 
c tvs=temperature of the saturated air. C 
c 8s =barometric pressure, Pa 
c vvs=humidity ratio, kqlkg 
c hvs=enthalpy. kJ/kg 
c 

call svvp (tus.evs) 
uu~=.62198*ers/(bs-evs) 
hv9=1.Ol'tvS+wr~'~2500.+1.84+ttt) 
return 
end 
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subroutine map30(tdbs,hs,us,bs,tubs) 

c This subroutine is to calculate the uet-bulb temperature when other 
c parameters of the air are known. 
c tdbs=dry-bulb temperature. C 
c hs ~enthalpy, kJ/kg 
c us =humidity racio. kq/kq 
C 8s =barometric pressure, Pa 
c tubs=uet-bulb temperature. C 
C 

y=alogIhs/4.18681 
C 

c Guess en initive value of the uet-bulb temperature: twbs=tubsOO 

if(h4.gt.27.1 goto 10 
t~bs00=-3.171+2.5641~y+1.2776'y.y+.15779~y*y*y 
goto 20 

C 

10 tubs00=6.0163-11.061*~+8.1178~y~y-.70713*y*y~y 
C 

20 t u b ~ O = t d b ~ - ( t d b ~ - t u b ~ O O ~ * l 0 1 3 2 5 . l b s  
C 

30 call suvp(twbsO,eubs01 
rvbsO=.621981eubsO/lbs-eubsO~ 
us0-~urbs0'(2500.-2.35us0-Lurbs0'o-1.01'(fdbsttb~Ol-1.O11~tdb~-twb~O~~/ 
1l2500.+1.84'tdbs-4.19~twbs0) 

60 t"bso=tubso-.Ol 
goto 30 

c 
100 t*bs=t*bsO 

return 
end 

subroutine suvp( t,pl 
a=1273.15+t1/273.16 

return 
end 

c  his subroutine calculates friction loss factor 
c It reads the roughness (rough), hydralic diameter (d), Reynolds's 
c Number (Re), and returns the friction loss coefficient If). 
"...-...-.----------------.------.---.--..--.------..------.---.------. 

subroutine frictionlr,d,Re,fO) 
f0-0.05 

100 Y1=2.0*r/d+18.7/(Re*f0°00.51 
Y2=1.74-2.0+aloa101Yll 

C rrite(6.13231 fl.fO 
C1323 format I'f1,fO '.2f15.51 

if (ebslfl-EO).lt.0.001) goto 410 
fO=fl -~ - -  

goto 400 
410 continue 

return 
end 

c This ~ u b ~ ~ u t i n e  is nude for calculating the pressure drop of the air 
C flow pa3sir.g through a tube bundle. 
c dob---outside diameter of tubes, m 
c ~lb---tube distance (center to center) in a row, m 
c s2b---row distance (center to center), m 
c n2b---number of rows 
c Reb---Reynolds Nvmber 
c coeffb---local loss coefficient of the tube bundle 

implicit reall") 
s 3 = ( s l b ' s l b / 4 . 0 + s 2 b ' s Z b ) ~ + O . 5  
34-slb/dob 
phi= (slb-dob) / (s3-dob) 
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end 
c This ~ u b m u t i n e  i9 used ta calculate the air dew point temperature 
c Bs is the barometric pressure, Pa. 

...................................................... 
50 call swvp(tdpsZ.ets201 

if (abs(ets20-etsl) .1c.3.01 goto 100 
iE(ets20.gt.etsl) goto 60 
if (ets20.lt.etsl) goto 70 

tdps2=fdpsZ-0.01 
goto 50 

tdps2=tdps2+0.01 
goto 50 

tdps-tdps2 
return 
end 



IEA-BCS Annex 28 Detailed Design Tools for Low Cooling Energy Evaporative Cooling Chapter D 

I 10. Sample results 

Sample input file for decl 

tdbl ul B ' L Im AC eta idir 
dbt hwnrat atmp flow len area fan-eff (l=cell, 
ICl 1 I I100Pal lm3/sI lm] Id1 I 1 2=aspen) title 

Sample output file for decl 

MEDIA : RIGID IMPREGNATED CELLULOSE CASE=CELL12 
tdbl- 40.00 ul= 0.01300 trbl- 24.40 RHl= 0.281 
tdb2= 25.68 u2= 0.01881 tub2= 24.40 RH2= 0.902 B= 1013.25 
Air Flourate L. m+'3/3= 0.33 G.ko/s= 0.38 ~. 2 . ~  ~~~ 

Media ~hicknesi Im, m= 0.3080 Face Area Ac.m**2= 0.20 
Effectiveness E = 0.918 Sensible Cooling Capacity Q.kw= 5.46 
Water Consumption.kg/s= 0.002 Pressure Drop,Pa= 20.80 
Air Velocity v,m/s= 1.65 Heat Transfer Area Ao,m"2= 21.6 
Power Demand, kW= 0.03 

MEDIA : RIGID IMPREGNATED CELLULOSE CASEPCELLIZ 

-~ - ~~ -. ~ ~~ - . ~ = -  ~~~ 

Media Thickness Im. m= 0.3080 Face Area Ac.mM2= 0.20 
Effectiveness E = 0.887 Sensible Cooling Capacity Q,kW= 10.53 
Water Consumption,kg/s= 0.004 Pressure Drop.P.3- 83.18 
Air Velocity v,m/s= 3.30 Heat Transfer Area Ao,m"2= 21.6 
Power Demand. kW= 0.08 

MEDIA : RIGID IMPREGNATED CELLULOSE CASE=CELL12 
tdbl= 40.00 wl= 0.01300 tubl= 24.40 RHln 0.281 
tdb2= 26.50 w2= 0.01848 tub2= 24.40 RHZ- 0.845 B= 1013.25 
Air Flourate L, mM3/s= 1.00 G,kg/s= 1.14 
Media Thickness lm, m= 0.3080 Face Area Ac.m"2= 0.20 
Effectiveness E = 0.866 Sensible Cooling Capacity Q,kw= 15.56 
Water Consumption,kg/s= 0.006 Pressure Drop,~a=190.96 
Aiz velocity v,m/s= 5.00 Heat Transfer Area Ao.m*+2= 21.6 
Power Demand, kW= 0.24 

MEDIA : ASPEN PAD CASE=ASPEN6 
tdbl= 40.00 wl= 0.01300 tubl= 24.40 RHl- 0.281 
fdb2- 27.47 u2= 0.01808 tub23 24.40 RH2- 0.781 B= 1013.25 

~~ ~~~~~ 

Air Flowrate L, m"3/s= 0.33 G.ka/s= 0.38 
Media Thickness Im, m= 0.1530 Face Area Ac.m"2= 0.20 
Effectiveness E = 0.804 Sensible Cooling Capacity Q,kW= 4.76 
Water Consumption,kg/s= 0.002 Pressure Orop.Pa=190.96 
Air Velocity v,m/s= 1.65 Heat Transfer Area Ao.m"2= 10.7 
Power Demand. kW= 0.24 

MEDIA : ASPEN PAD CASE=ASPEN6 

~ 

Media Thickness Im, m= 0.1530 Face Area Ac,m"2= 0.20 
Effectiveness E = 0.758 Sensible Cooling Capacity Q,kw= 8.97 
water Consumption,kg/s= 0.004 Pressure Drop,Pa=190.96 
Air Velocity v.m/s= 3.30 Heat ~ransfer ~ r e a  ~o.m++Z= 10.7 
Power Demand, kW= 0.24 

MEDIA : ASPEN PAD CASE=ASPEN6 
tdbl= 40.00 ul= 0.01300 tubl= 24.40 RHl= 0.281 
tdbZ= 28.63 u2- 0.01760 tub2- 24.40 RH2- 0.711 B= 1013.25 
Air Flourate L. m"3/s= 1.00 G,ka/s= 1.14 . - 
Media Thickness lm, m= 0.1530 Face Area Ac,m"2= 0.20 
Effectiveness E = 0.729 Sensible Cooling Capacity Q.kW= 13.06 
Water Consumption,kg/s= 0.005 Pressure Drop,Pa=190.96 
Air Velocitv v.m/s= 5.00 Heat Transfer Area Ao.m"2- 10.7 . . 
Power Demand, kW= 0.24 
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Sample input file for dec2 

t d b l  t u b 1  B  H l  W l  Dl L 1  
dbt u b t  a t m p  h e i g h t  w i d t h  d e p t h  f l o w  

I c l  [Cl I10OPal  lml [ml Lml [m3 / s ]  

Sample output file for dec2 

Sample input file for idec 

LINE1 PSYCHROMETRICS. EC S I Z E  AND TYPE 
t p d b l  t p w b l  tsdbl t s v b l  B  Lp  Ls e t a  ITYPE 

p r i  ~ r i  sec sec a t m  p r i  sac fan 1-TUBE 
d h t  u h t  d b t  u b t  Dres Elow f l o w  e f f  2-PLATE -- ~ ~ ~ 

[ c ]  I C I  I C I  I C I  .[pa1 [m3/=1 l r n f / s ]  3-FIN 
LINE 2  I F  ITYPE - 1 (TUBE TYPE) : 

b s  L d i  d o  n n l  n2  4 1  s 2 r o u g h c o e f f l c o e f f Z c o e f f w c n d c w  
i n 1  i n 1  t u b  t u b  t u b  num d i s /  row ness 1 0 5 5  l o s s  109s k  
ohc l e n  i d  o d  n o  /row T O Y 4  row d i s  to-t f r - t  soray I ~ J /  . . .  
[rnl Iml 1-1 1m1 I r n l  1-1 [ m l  mc 1  

LINE 2  I F  ITYPE - 2 (PLATE TYPE) : 
b l  h l  LI  d ~ 1  n p  c n d c v  coefp coefs c o e f w  r o u g h p  r o u g h s  
m i  m i  sec ~ l t  no. k m i  sec s m a v  i sec . . .  
; i d  i t   id t h k  p l t 4  ioss loss loss 
[ml Lrnl im1 1-1 mc 1 1-1 [ r n l  

LINE 2  I F  ITYPE - 3  (PLATE FIN TYPE) : 
b l  h l  L 1  d L l  np Ap A$ d p e q  d s e q  c n d c v  c o e f c o e f  c o e E  r o u g h  r o u g h  
p f i  p r i  sec p l t  no.  p r i  sec p r i  sec k  p r i  sec h 2 o  p r i  sec 
u ~ d  h t  w i d  t h k  p l t s  area area e q d  e q d  IkJ /  l o s s  loss loss 
1m1 1mI Iml [ m l  ImZl Im21 [mm] [ m l  mc1 

3 0 . 0  2 6 . 0  0 . 0  0 . 0  1 0 1 3 2 5 .  0 . 4 7 2  0 . 3 1 8  0 . 8 5  TUBE 94TONGJI 
0 . 6 3 6  1 . 2 7 6  20 .0  2 3 . 0  4 6 2 .  1 2 .  4 2 .  5 6 . 0  2 0 . 0  0 . 0 2 5  0 . 5 0  0 . 4 6  2 6 . 0  0 . 3  

3 0 . 0  26 .0  0 . 0  0 . 0  1 0 1 3 2 5 .  0 . 4 7 2  0 . 3 7 8  0 . 8 5  PLATE 94TONGJI 
0 . 3 1 0  0 . 3 5 5  0 . 5 7  0 . 2  6 8 .  2 3 7 .  0 . 6 0  0 . 6 0  2 . 0  0 . 4 0  2 . 0  ........................................... 

3 0 . 0  2 5 . 0  0 . 0  0 . 0  1 0 1 3 2 5 .  0 . 472  0 .378  0 . 8 5  PLATEFIN ADOBE 
1 . 0 0 0  1 . 0 1 0  0 . 2 6 7  0 . 4 0  2 0 0 .  0 . 2 1 0 5  0 . 1 6 0 8  1 . 5 1  6 . 2 5  0 . 3 0  1 . 3 8 4  6 . 8 8 1  2 . 0  0 . 0 3  0 . 9  
................................................................... 
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Sample output file for idec 

IDEC TYPE : TUBE (94TONGJIl 
DBTin=30.00 WBTin=26.00 Win=0.730 DBTout=27.60 
B=101325.0 Lp= 0.472 Ls= 0.378 Ap= 0.1451 A9= 0.4594 
vp=3.25 vs=O.82 Ao= 42.60 A 37.04 A= 0.00 
m= 0.545 os= 0.437 tr=26.69 tuo=26.86 

~=b.601 dW= 0,0011 Q=- 1.372 
dpp= 21.92 dps- 27. powerp- 12.2 powers= 11.9 COP= 56.97 
FDIC TYPE : TUBE (VliRICOOLI 

~=b.502 dY= 0.0009 Q= 1.145 
dpp= 53.73 dps- 63. pouerp- 31.7 pouecs= 29.6 COP= 18.66 
IDEC TYPE : PLATE (94TOHGJIl 
DBTin-30.00 WBTin=26.00 Win-0.730 DBTout-27.48 
B=101325.0 Lp= 0.472 is= 0.378 Ap= 0.0526 As= 0.0845 
vp- 8.97 vs= 4.47 Ao- 18.80 Ai= 17.43 A= 13.76 
gp= 0.546 gs= 0.436 tr-26.94 tvp=26.94 
Rep= 4777.5 Res- 2389.8 hcp- 69.45 hcs= 40.80 
~=0.630 dY= 0.0009 Q= 1.439 
~ D D =  259.91 d m =  116. pouew- 144.3 powers- 51.6 COP= 7.34 
IDEC TYPE : PLATE FIN (AWBE j 
DBTin=30.00 WBTin=25.00 Win-0.669 DBToute26.36 
B=101325.0 Lp= 0.472 is= 0.378 Ap= 0.2105 As= 0,1608 
vp= 2.24 vs= 2.35 Ao= 18.80 Ai= 17.43 A= 57.14 
gp= 0.547 gs= 0.438 tu=26.05 tup=26.10 
Rep= 641.5 Res= 925.4 hcp= 26.20 hcs= 24.05 
E=0.728 dW= 0.0015 Q= 2.077 
dpp= 17.34 dps= 105. pouerp= 9.6 powers- 46.7 COP= 36.90 



IEA Annex 28 

Low Energy Cooling 

Subtask 2: Detailed Design Tools 

Evaporative Cooling 

Excel oriented tools 

Ecole d s  Mines de Paris, Centre d~nerg&ique 
D. Marchio. M. Orphelin, S. Hech 



IEA-BCS Annex 28 Detailed Design Tools for Low Energy Cooling Evaporative Cooling Chapter E 

Contents Chapter E 

1. Technology area ............................................................................................................................. 2 

2. Developed by ................................................................................................................................. 2 

. . 
3. General descnpt~on ........................................................................................................................ 2 

4. Nomenclature ................................................................................................................................. 3 

5. Mathematical description 
5.1 Direct evaporative coo 
5.2 Indirect evaporative 
5.3 Direct and indirect evaporat 

6. References ................................................................................................................................... 10 

8. Flowcharts .................................................................................................................................... 12 
8.1 Direct evaporative wolin 2 
8.2 Indirect evaporative woli 2 
8.3 Direct and indirect evapo 4 

9. Source code 5 
9.1 Direct e 8 

1 
3 

10. Classification programme 26 



IEA-BCS Annex 28 Detailed Design Tools for Low Energy Cooling Evaporative Cooling Chapter E 

1 1 Technology area 

Models of three air handling units using evaporative cooling as follows: 

. an AHU with direct evaporative cooling and a cooling coil 
an AHU with indirect evaporative cooling and a cooling coil 
an AHU with both direct and indirect evaporative cooling and a cooling coil. 

1 2. Developed by 

Name : Dominique Marchio. Matthieu Orphelin. Sarah Bech 

Organisation : Ecole des Mines de Paris. Centre dtEnerg&ique 

Address : 60 Boulevard St. Michel. 75272 Paris Cedex 06. France 

Phone : 33 01 40 51 91 80 

Fax : 33 01 46 3424 91 

E-mail : marchio@cenerg.ensmp.fr, orphelin@cenerg.ensmp.fr 

1 3. General description 

The algorithm determines the air treatment for any outdoor condition occurring throughout the year. 
Inputs are the outdoor and preset indoor dry bulb temperatures and humidity ratios, together with the 
cooling and moisture loads. Outputs are the annual water consumption of the evaporative coolers, the 
annual energy consumption of the cooling coil, and the indoor air conditions achieved. 

The input values are the outputs of another programme, see references (Comfie, Comet). A data set 
consisting in hourly values of outdoor temperature, humidity ratio and loads can be used as input. 
Another possibility is to classify the data sets by outdoor temperature and humidity ratio to reorganise 
the hourly data into "boxes" with a temperature step of 3 "C and a step in humidity ratio of 2 glkg. This 
classification reduces the number of data sets. For each box the mean values of the outputs are 
calculated, reducing the number of data sets from 8760 (the number of hours in a year) to approximately 
a hundred, see references (Clima 2000, 1992). In this way. the calculation can proceed using Excel 
work-sheets and macros. 

Such a reduction of the existing data is not necessary for the application of the algorithm. It can be 
applied on the original 8760 data Sets, but this would mean that the use of Excel work-sheets and 
macros would not be appropriate. 

As the model only considers a fixed air renewal (fresh air) rate, the supply air mass flow rate is also 
constant, and the efficiency of the evaporation is assumed to be constant. 

The information flow diagram of the algorithm is shown below : 
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INPUTS OUTPUTS 

Outdoor temperature. t~ ["C] 
Outdoor humidity ratio, WE [kghg] Obtained indoor temperature 14. ["C] 

-+Obtained indoor humidity ratio wx [kghg] 
Preset indoor temperature. 14 ["C] 
Preset indoor humidity ra1io.w~ [kghg] 

Water consumed by evaporative drs[kg] 
Cooling load, 0 [kW] Energy consumed by cooling coil [kwh] 
Moisture load. E [kgls] 

1 4. Nomenclature 1 
Cooling load 
Moisture load 
Power 
Air mass flow rate 
Dry bulb temperature 
Wet bulb temperature 
Dew point temperature 
Relative humidity 
Humidity ratio 
Enthalpy 
Water mass flow rate 
Specific heat 
Air renwal rate 
Specific volume 
Latent heat of vaporization 

Efficiency ratio 
Volume of the building 

Indices: 

I EC 
DEC 
AlEC 
BF 
MS 

Outdoor 
Preset indoor air conditions 
Preset supply air conditions 
(After) heat exchanger 
(Affer) indirect evaporative cooling 
(Affer) direct evaporative cooling 
Exhaust air affer indirect evaporative cooling 
(Affer) cooling coil 
Mean surface 
Actually obtained supply air conditions (affer fan) 
Actually obtained indoor air conditions 
Dry air 
Water vapor 
Fresh air 

The following h w ~  diagrams of the air handling unit illustrate where in the AHU these air wnditions are to 
be found: 
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Direct evaporative cooling 

Indirect evaporative cooling 

Supply air 

' s ws 

Outdoor air 

t E  
<=I 

Exhaust air 

Dc3 

Outdoor air 

t~ 
<=I 

Exhaust air 
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1 5. Mathematical description 

5.1 Direct evaporative cooling 

The standard AICVF equations for moist air calculations are applied. These equations are represented 
by the following numbers : 

Otherwise the applied equations are given below 

Preset supply air conditions: 

The supply air flow is all fresh air, and is characterised by the air renewal rate r 
T . V  

5 n - - 3600. v', 
@ 

6 q', = q',--- m 

q',-w, . A  
8 t ,  = 

C, + Ws ' C ,  

Heat exchanger: 

9 PR = 1 ) ~  . ns. WE - qqA) 

p, 10 q', =q',-- 
n s  

Direct evaporative cooler: 
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Cooling coil: 

Obtained supply air conditions: 

(We assume that the increment of the supply air temperature due to the fan is 1 "C.) 

21 t s = t B ~ +  I OC 

Obtained indoor air conditions: 

23 q ' ~ .  = q ' ~  + (q's. - q's ) 

24 t ~ . = t ~ + ( t s - t s )  

25 W A . = W A  + ( W S - W s )  

Water consumed by direct evaporative cooler: 

Energy consumed by cooling coil: 
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5.2 Indirect evaporative cooling 

Indirect evaporative cooler I heat exchanger: 

Cooling coil: 

Obtained supply air and indoor air conditions: 

(See 5.1 Direct evaporative miing.)  

Water consumed by indirect evaporative cooler: 

Energy consumed by cooling coil: 

5.3 Direct and indirect evaporative cooling 
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Indirect evaporative cooler I heat exchanger: 

(See 5.2 Indirect evaporative cooling.) 

Direct evaporative Cooler: 

41 tDEc.min = tlEC.rea1 - ~ D ~ c . ( f i ~ c . r e a l  - flEC.real) 

42 WDEc,max = W ~ ~ ~ , E a l  + qDEC ' (fiEC.ESl - t ) l ~ ~ . d  ) 

Cooling coil: 

Obtained supply air and indoor air conditions: 

(See 5.1 Direct evaporative cooling.) 

Water consumed by indirect evaporative cooler: 
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17. Algorithms 

7.1 Direct evaporative cooling 

Fixed air renewal rate -+ supply air mass flow rate 
Required supply air conditions 
Power of heat exchanger 
Supply air conditions afler heat exchanger 
DEC power 
Supply air conditions after DEC 
DEC water load 
Pouer of cooling coil 
Supply air conditions afler cooling coil 
Supply air conditions afler fan 
Energy and water consumptions 

7.2 Indirect evaporative cooling 

Fixed air renewal rate -+ supply air mass flow rate 
Required supply air conditions 
Exhaust air conditions after IEC 
IEC water load 
Supply air conditions after IEC 
Power of IECIheat exchanger 
Power of cooling coil 
Supply air conditions after cooling coil 
Supply air conditions afler fan 
Energy and water consumptions 

7.3 Direct and indirect evaporative cooling 

Fixed air renewal rate -+ supply air mass flow rate . Required supply air conditions . Extract air conditions afler IEC . IEC water load 
Supply air conditions afler IEC 
Power of IEClheat exchanger . Power of DEC 
Supply air conditions after DEC . DEC water load . Power of cooling coil 
Supply air conditions afler cooling coil 
Supply air conditions afler fan 
Energy and water consumptions 
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18. Flowcharts 

8.1 Direct evaporative cooling 

Equ. 6 => q', 
Equ. 7 => w, 
Equ. 8 => t, 

I 

Equ. I => t', 
Equ. I 1 => tDEc 

Equ. 12 => wDEC, mx 

I 
I 

Equ. 13 => '~DEc,,, 

Equ. 14 => w,,,,, 

Equ. 15 => ED€, 

Equ. 4 => q',, 

Equ. 19 => E,, 
Equ. 20 => w,, 

Equ. 21 => t,. 
Equ. 22 => w, . 

I 

Equ. 24 => t,. 

Equ. 25=> w,. 
Equ. 26 => Water consumed by DEC 
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8.2 Direct and indirect evaporative cooling 

Equ. 6 => q', 
Equ. 7 => ws 
Equ. 8 => t, 

I 

Equ. 1 => t'. . . 
Equ. 28 => tAIK, ,, 
Equ. 29 => wMEC,- I 
Equ. 30 => t,,, ,, 

- 
t1~c-d - ~IEC min 

Equ. 4 => q',, I 

~IEC-~I = ts- 1 

L 

Equ. 4 => q',, 

Equ. 37 => E,, 

Equ. 38 => w,, 

I 
I 

I 

Equ. 3 1 => qIECrrd 
Equ. 32 => w,~,,, 

Equ. 33 => El,, 
1 

r--- 

Equ. 34 => PI, 

Equ. 21 => t,. 
Equ. 22 => w,. 

Equ. 24 => t,. 

Equ. 25 => w,. 
Equ. 39 => Water consumed by IEC 
Equ. 40 => Energy consumed by cooling coil - 

I p,Ec=01 
I I 

I Equ. 2 => w,, 
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8.3 Direct and indirect evaporative cooling 

Equ. 34 => P,,;c 

Equ. 44 => w,,, 

Equ. 45 -> E& 

Equ. 2 => w,, 

Fqu. 25 => 

F4u. 39 => Watm conrumd by IEC 

Qu. 26=s  Water urnrumd by DEC 
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1 9. Source code I 

These Excel Macros have been developed using a French version of Excel. 

They can be used on an English (or other language) version with a few modifications, vvhich can be 
automatically done using International Macros (see the Microsoft Excel User3 Guide), or done by the 
user via about 10 instructions (select 'replace all' in the Edition menu). 

If the translation is not automatically done, the translation of relevant terms from French to English is as 
follows. 

French 
RESULTAT0 

ARGUMENT() 
RETOUR() 

POSER.VALEURO 
SI0 

SINON0 
FIN.SI() 

English 
RESULT() 

ARGUMENT0 
RETURN() 

PASTE.VALUEO 
IF0 

ELSE.IF0 
END.IF() 
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ASHRAE fundamentals : 
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t' : First estimation - 
ithum-cad 
i I 
i= ARGUMENT("thurnO;9) 
/=  ARGUMENT("x";9) 
/=  ARGUMENT("yW;9) 
i= fonc 
i=w t eps(thurn0;lOO) 
! = z w ( t h u m 0 ; ~ 3 0 )  
j =x 
I=Y 
i=2500.8*(E30-y)1(1,006+1.83'~) 
i=x-E34 
I =  POSER,VALEUR(E29;E35) 
I =  ATTEINDRE(E39) 
I 

/= thum 
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9.1 Direct evaporative cooling 
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w DEC pour eta=l 
I=thurn_dicho(0;40;0,05;tr;w) 

w t eps(El1;lOO) 

/=(tdec-tr)l(El 1-tr) 
IW reel a~ri?s DEC 

  SIN ON^) 
=Sl(tbfctr) 
=POSER.VALEUR(G8;"&angeur+batteriefroide") 
=ATTEINDRE(G48) 
=SINON() 
=POSER.VALEUR(GB;"&hangeuf) 
=ATTEINDRE(G48) 
=FIN.SI() 
=FIN.SI() 
=SINON() 
!=~l(tdec<te) 
/=~l(tbfctdec) 
=POSER.VALEUR(GB;"DEC+batterie froide") 
=ATTEINDRE(G48) 
=SINON() 
/=P0SER.VALEUR(G8;'DECC') 
i=ATTEINDRE(G48) 
=FIN.SI() 
=SINON() 
;=S~(tbfcte) 
/=POSER.VALEUR(GB;"batterie froide") 
l=ATTEINDRE(G48) 
1-SINONO 
i=POSER.VALEUR(GB;"pas de traiternent") 
/=ATTEINDRE(G~B) 
I=FIN.SI() 
I=FIN.SIO 
/=FIN.SI() 



IEA-BCS Annex 28 Detailed Design Tools for Low Energy Cooling Evaporative Cooling Chapter E 

I 
:=P ban fr. 
I 

/=w-t-eps(tmin; 100) 
=q_t_w(tmin:I12) 
lgamma 
/=113-qr 
/=112-w 
\=115/116 
lsoufflage obtenu 
I=tr-ts 
i=tr-tmin 
/=119/120 
'delta q' 
!=117'~6*121 
P batt fr 

1 =ARGUMENT("tmin":S) 
=ARGUMENT("qt9) 
=ARGUMENT("wf:S) 
=ARGUMENT("qs";S) 

,=w ban 

/=w t eps(tmin;100) 
/=<t:w(tmin;KlO) 
gamma 
/=K11-qr 
=K10-wr 
/ = ~ 1 3 / ~ 1 4  
,delta q' r&l 

i=qrqs ,delta w r&l 
=K17/K15 
w aprhs bf 
=wr-K19 

I 
=POSER.VALEUR(KS;K21) 
(=ATTEINDRE(K25) 
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9.2 Indirect evaporative cooling 

. . 
=SINON() 
air extrait apres IEC 
=thum~dicho(l0;40;0,05;ta;wa) 
=ta-efhi*(ta-A17) 
=Sl(teefec'(teA18)>=tsdem) 
=POSER.VALEUR(AlO;Al8) 
=ATTEINDRE(A29) 
=SINON() 
=te-(te-tsdem)/efec 
=POSER.VALEUR(AlO;A23) 
zATTEINDRE(A29) 
=FINS() 
=FIN.SI() 

w IEC pour eta=l 
=thum~dicho(0;40;0,05;ta;wa) 
=w-t-eps(A42; 100) 
rendement reel IEC 
=(tiec-ta)/(A42-ta) 
w r k l  apres IEC 
=wa+A45'(A43-wa) 
=POSER.VALEUR(A39;A47) 

Equipment 
I 

, , 
=SINON() 
=POSER.VALEUR(CB;"bchangeur+lEC) 
=ATTEINDRE(C38) 
=FIN.SI() 
=SINON() 
=SI(PbRO) 
I=POSER.VALEUR(C8;"&changeur+batterie froide") 
=ATTEINDRE(C38) 
=SINON() 
=POSER.VALEUR(CB;"Bchangeuf') 
,=ATTEINDRE(C38) 
/=FIN.SI() 
I=FIN.SI() 
l=SINON() 
=SI(Pbf>O) 
=POSER.VALEUR(CB;"batterie froide") 
,=ATTEINDRE(C38) 
=SINON() 
=POSER.VALEUR(CB;"pas de traitement") 
=ATTEINDRE(C38) 
=FIN.Sl() 
I=FIN.SIO 
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]=w-t-eps(tmin;100) 
=~t_w(tmin;E12) 
igamma 

2::: 
;=E15/E16 
jsouhlage obtenu 
I=tr-ts 
!=tr-tmin 
/=EI~/EZO 

/=w-t-eps(tmin; 100) 
=q_t-w(tmin;GlO) 
gamma 
=G11-qr 

i=G10-WT 
1 = ~ 1 3 1 ~ 1 4  
Idelta q' reel 

i 2;; &el 

POSER.VALEUR(G8:GZl) 
I = A ~ E I N D R E ( G Z ~ )  
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9.3 Direct and indirect evaporative cooling 

. . 
/=SINON() 
'air extrait aprbs IEC 
I=thum-dicho(l0;40;0,05;ta;wa) 
I=ta-efhi'(ta-A17) 

w iEC pour eta=l 
=thum-dicho(0;40;0,05;ta;wa) 
=w-t-eps(A42: 1 W) 
rendement reel IEC 
=(tiec-ta)/(A42-ta) 
w rbel aprbs IEC 
=wa+A45'(A4%wa) 
=POSER.VALEUR(A39;A47) 

=Sl(tr<=tsdem) 
=POSER.VALEUR(ClO;tr) 
=ATTEINDRE(C33) 
=FIN.SI() 
=Sl(epsr<lOO) 
air apres DEC 
=thum~dicho(0;40;0,05;tr;w) 
=tr-(erhd'(tr-Cl8)) 
=SI(C19>=tsdem) 
=POSER.VALEUR(ClO;C19) 

=SINON() 
=tsdem 
=POSER.VALEUR(ClO;C24) 
=ATTEINDRE(C33) 
,=FIN.SI() 
=SINON() 
=POSER.VALEUR(ClO;tr) 
/=ATTEINDRE(C~~) 
I=FIN.SI() 
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Iw DEC pour eta=l 
/=thum-dicho(0;40;0,05;tr;wr) 
I=W t eps(E11;lOO) 
!ren&ent reel DEC 
=(tdec-tr)l(E 1 1 -tr) 
w r&l apres DEC 
=wr+E14'(E12-wr) 
=POSER.VALEUR(E8;E16) 

Equipment - - - 
I 

=Sl(tr<te) 
=Sl(tdec<tr) 
=Sl(tbf<tdec) 

I 
=POSER.VALEUR(GB;"Bchangeur+DEC+batterie 
!=ATTEINDRE(G48) 
/=SINON() 
I=POSER.VALEUR(G~;"BC~~~~~U~+DEC")  
/=ATTEINDRE(G~~) 
/=FIN.SI() 
/=SINON() 
;=Sl(tbf<tr) 
I=POSER.VALEUR(GB;"Bchangeur+batterie 
!=ATTEINDRE(G~~) 
I=SINONO 
I=POSER.VALEUR(G8;"8changeuP) 
i=ATTEINDRE(G48) 
;=FIN.SI() 
i=FIN.SI() 
:=SINON() 
i=Sl(tdec<te) 
I=Sl(tbf<tdec) 
~ = P O S E R . V A L E U R ( G ~ ; " D E C + ~ ~ ~ ~ ~ ~ ~ ~  froide") 
!=ATTEINDRE(G48) 

. . 
I=FIN.SI() 
/=SINON() 
i=Sl(tbf<te) 
j=POSER.VALEUR(G8;"batterie froide") 
I=ATTEINDRE(G48) 
:=SINON0 
!=POSER:VALEUR(G~;"~~~ de traitement") 
I=ATTEINDRE(G48\ 
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'-w t eps(tmin;100) 

/=112-wr 
/=115/116 
!sournage obtenu 
I=tr-ts 
!=tr-tmin 
j=119/120 
delta q' 
/=117'H6*121 

= w  ban 

i =w-t-eps(tmin; 100) 
=kt-w(tmin;KlO) 
gamma 
=K11-qr 
=KID-wr 

K13lK14 
delta q' r&l I= 
i=qr-qS 
delta w r&l 
=K17/K15 
,w aprhs bf 
w - K 1 9  
~IPOSER.VALEUR(K~;KZ~) 
/=ATTEINDRE(K25) 
I 
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1 10. Classification programme 

As explained previously, the classification programme allows the number of data sets to be reduced 
from 8760 to less than 200. 

As files containing meteorological data, loads, obtained indoor conditions or other information (electrical 
tariff structure, occupancy. ...) have structures which vary from one building simulation sobare to 
another, proposing a general source code program is not feasible. Therefore a source code is proposed 
which can be easily adapted by the user to meet requirements. 

INPUT FILE 

c:\inputs.txt 
The inputs are the outdoor and preset indoor dry bulb temperatures and humidity ratios, plus the 
enthalpic and moisture loads calculated at each time step. This file containes 8760 (or less) rows, each 
is composed of the following information : 
te ; we ; ta ; ma ; Load-enthaip ; Load-moisture 

OUTPUT FILES 

c:\cooling.txt 
This file contains w100 rows, each composed of the following information : 
number of the box, te box. we box, nb of hours of occurrence ; te average ; we average ; ta average; wa 
average; Load-enthalp average; Load-moisture average 

c:\heating.txt 
This file contains w100 rows, each composed of the following information : 
number of the box, te box. we box, nb of hours of occurrence : te average ; we average ; ta average; ma 
average; Load-enthalp average; Load-moisture average 

c:\free.txt 
nb of hours of occurrence of free evolution (no heating or cooling) 

These output files could then be imported as inputs to the evaporative cooling modelling. 
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cooling ("triclim"), heating ("trichauf') : 100 boxes defined and numerated 
all output values = 0 

free evolution ("trilibre") : 1 box defined; value = 0 

Construction of boxes : 

temperaturdhumidity step determined 
mean value of k, w determined for each box 

Input files assigned 

Hourly input values read 
. situation classified in appropriate matrix ("sort-cool", "sort-heat", "sort-free") 
. situation (k , WE) classified in appropriate box 
. number of occurrences in a year of each box and 
mean value of k, WE, t*, WA, enthalpy load and moisture load calculated 

I Output files assigned I 

I Ail files closed 

0 

Boxes occurring minimum once a year selected from all three matrices 

Output values witten in output files 
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Language : Turbo Pascal for Windows 

SOURCE CODE 

Uses Wincrt; 

Type 
results = array [ I  ..100.1..10] of real; 
resultsl = array [1..1,1..1] of real; 

Var 
file-inputs : text; 
file-cooling,file-heating,file-free : text; 
te,we.ta,wa : real; 
t-adim,w-adim :real, 
i,j,k.l : integer; 
sort-cool : results; 
sort-heat : results; 
sort-free : resultsl; 
tmax~h, tmin~c ,s tep~tc ,pas~cf ,wemax~~,wemin~~ ,s tep~we : real; 
tmax~h.tmin~h,step~th.pas~cc,wemax~h,wemin-h: real; 
te-adim,we-adim : real; 

{ 1 
{sorting for cooling hours) 

Procedure cooling(te,we.ta.wa,tmax~c,tmin~c,wema~~~,wemin~~ : real; 
var sort-cool : resultats); 

Var 

t-adim, wcadim : real; 
n-case : integer; 
i.j : integer; 

Begin 
{Norrnalised values) 
t-adim:=(te-tmin-c)'lOO/(tmax-h-tmin-c); 
we_adim:=we'lOO/wernax-c; 
{Determination of corresponding box-numbers] 
i:=trunc(t-adimIl0); 
j:=trunc(we_adim/lO); 
n-case:=(lO+j)+i+l; 
{implementation of new mean values) 

{ 
{sorting for heating hours) 

28 
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Procedure triagechauf(te,we.ta.wa.tmax~h.tmin~h,wemax~h.wemin~h : real; 
var sort-heat : resultats); 

Var 
t-adim, we-adim : real; 
n-case : integer; 
i.j : integer; 

Begin 
(Normalised values) 
t-adim:=(te-tmin-h)*lOO/(tmax-h-tmin-h); 
we-adim:=we'lOO~max-h; 
(Determination of corresponding box-numben) 
i:=trunc(t-adimIl0); 
j:=tmnc(we-adimIl0); 
n-case:=(l Oej)+i+l; 
sort-heat[n-case,4]:=sort-heat[nncase,4]+l; 
sort heat[n-case,5]:=((sort-heat[n-case,4]-1)'sort-heat[n-case,5]+te)/(sort-heat[n-casese4]); 
sort-heat[n-case,6]:=((sort-heat[n-case,4]-l)'sort-heat[n-case.6]+we)/(sort-heat[n-case.4]); 
sort~heat[n~case.7]:=((sort_heat[n~case,4]-1)*~rt~heat[nncase,7]+ta)/(sort~heat[n~case,4]); 
sort-heat[n-case,8]:=((so$heat[n-case,4]-1 )'sort-heat[n-case.8]+wa)/(sort-heat[n-case,4]); 
sort-heat[n-case,9]:=((sort_heat[nncase,4]- 

l)'sort-heat[n-case,9]+(Load_enthalp))l(sort-heat[n-case,4]); 
sort-heat[n-case.1 O]:=((sort-heat[n-case.41- 

1)'sort-heat[n-case, lO]+Load-moisture)l(sort-heat[n-case,4]); 
End; 

(sorting for free evolution hours) 

Procedure tliagelibre(var trilibre : resultatsl); 

Begin 
sort-free[l ,l]:= sort-free[l . l ]+ l ;  

End; 

Begin 

(Initialisation of the matrices "sort-cool". "sort-heat" and "sort-free'? 
for i:=l to 100 do 
begin 

sort-cwl[i.l]:=i; 
sort-heat[i.l]:=i; 
for j:=2 to 10 do 
begin 

sort-cool[i.j]:=O; 
~rt-heat[i,j]:=O; 

end; 
end; 
begin 

so<free[l .l]:=O; 
end; 

{Construction of boxes in "sort-cool") 
tmax-c:=40; 
tmin-c:=lO; 
step-tc:=3; 
wemax~c:=20/1000: 
wemin-c:=0; 
slep-we:=2/1000; 
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for i:=O to 9 do 
begin 

for i:=O to 9 do 

end; 

{Construction of boxes in "sort-heat") 
tmax-h:=21; 
tmin-h:=-9; 
step_th:=3; 
wemaxc:=20/1000; 
wemin-h:=0; 
step~we:=2/1000; 
for i:=O to 9 do 
begin 

for i:=O to 9 do 

end; 
end; 

for i:=l to 8736 do 
begin 

readln(file-input,te); 
readln(file-input,we); 
readln(fi1e-input,ta); 
readln(file- input,^); 
readln(file-input,Load-enthalp); 
readln(fi1e-input.Load-moisture); 

r e s t  on Load-enthalp to determine the type of considered situation between cooling, heating, and free 
evolution) 

if (Load-enthalp>l) then 
begin 

cooling(te.we,ta,wa,tmax~h,tmin~c,wemax~c,wemin~c, sort-cool); 
end; 
if (Load-enthalpc-1) then 
begin 

heating(te,we,ta,wa,tmax-h,tmin-h,wemax-h,weminh, sort-heat); 
end; 
if (Load-enthalp<=l) and (Load-enthalp>=-1) then 
begin 

free(tri1ibre); 
end; 

end; 

r h e  results are written in three text files); 
Assign(file-cooling,'c:\woling.txt'); 
rewite(file-cooling); 
Assign(fi1e-heating.'c:heating.txt'); 
rewrite(file-heating); 
Assign(fiie-free'c:\free.txt'); 
rewrite(file-free); 

{Selection of the boxes with number of hours nonzero) 
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(cooling results) 
for i:=l to 100 do 
begin 

if (sort-cool[i.4]>0) then 
begin 

for i:=l to 11 do 
begin 

wite(fi1e-cooling,sort-cool[i,j]); 
end; 
witeln(file-cooling); 

end; 

(cooling results) 
if (sort_heat[i,4]>0) then 
begin 

for i:=l to 11 do 
begin 

wite(file-heating. sort-heat[i,j]); 
end; 
witeln(file-heating); 

end; 
end; 

(free evolution results) 
beain - 

bwite(file-free,sort-free[1,1]): 
end; 
bwiteln(file-free); 

(End of the program) 

End. 
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/ 1. Technology area 

A multi-node model of a displacement ventilation and chilled ceiling system. 

/I- Developed by 

Name : Simon J. Rees 8 Philip Haves 

Organisation : Loughborough University 

Address : Loughbomugh University 
Department of Civil 8 Building Engineering 
Loughborough 
Leicestershire 
LEI1 3TU 
UK 

Phone : +44 (0)1509 263171 

Fax : +44(0)1509 263981 

E-mail : S.J.Rees@lboro.ac.uk, P.Haves@lboro.ac.uk 

1 3. General description 

The purpose of the model is to allow the simulation of the bulk air movement, convective and radiant heat 
transfer that occurs in rooms with displacement ventilation and chilled ceilings. The model has been 
developed using the nodal modelling program LIGHTS (Sowell 1989) asa prototyping environment and is 
defined by a network of room air and surface nodes and associated conductances along with the room 
geometry and loads. The model has alx, been implemented in the HVACSIM+ simulation environment using 
the HSLIGHTS program (Sowell 1991). 

The model consists of a series of air nodes and associated capacity rates which describe the bulk air 
movement from the supply air terminal and the development of a plume over the load extending to ceiling 
level. Some recirculation of the air as it flows from the plume, across the ceiling, and down part of the walls is 
also represented. The model divides the room in to four horizontal layers to capture the effects of vertical 
temperature gradients. The model in its current state of development treats a limited number of load types. 
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.................. 

" ENTRAINMENT 
9. ROOM AIR NODES 

.............. .................................... 

w-2 
hA-w.11 

.............. ................ 
I 
I 

w-1 SUPPLY ' 
SP-a I 

I 

Figure 1 : Schematic diagram of the model and the nodal network 

The air flow over the load is divided between two sets of air nodes, one representing air in the plume, 
and the second representing the surrounding air in the room (see figure 1). Flows between these two 
sets of air nodes represent the entrainment of air from the room into the plume. Convective heat 
transfer is represented by conductances between these surrounding room air nodes and wall surface 
nodes at each level, along with conductances between the floor and ceiling surfaces and adjacent air 
nodes. 

Only the internal surfaces of the wall, floor and ceiling are included in the model, allowing the 
conduction and thermal mass of the room fabric to by treated by other models. This allows a flexible 
approach, so that a number of instances of the zone model could be linked to different arrangements 
of boundary elements within a simulation. Radiation between room surface nodes is dealt with in an 
exact manner on the basis of view factors provided by the user (see Sowell and OBrien 1972). 
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INPUTS 
I 

FRACTION OFNOM. 
NO. OF OUCCUPANTS --I 
FRACTON OF NOU 
EOUlPMWT POWER 

FRACTION OFNOM. 
m R  TO UGHTS 

S O U R  GAIN 

SUPPLY AIR 
TEMPEWTURE 

AIRFLOW WTES - 
BETWEEN AIR M D D  
rl-alopl-a sto. 

HUUIDm RATIOOF 
FLOWS B-EEN AIR 
M D E  r l a  b p l g s t r  

TEMPEWTURESOF 
6lRFACE NODES 

OUTPUTS - ZONELEAVING 
HUUIDIN W 7 O  

- EXTRACTAIR 
NMETEUPERRTUFZ 

- NETHEATTO 
BOUNDARY SURFACE 
NODES w-l (tk - TEMPERAWRESOF 
RCOU AIR NODES 
,,.a 8Z. 

PARAMETERS 

Figure 2 Model information flow diagram 

The model in the form reported here has been implemented in a nodal modelling program HSLIGHTS ( The 
model may be transfered to other simulation environments after further prototype development). HSLIGHTS 
allows the representation of convective conductances, capacity rates and radiant heat fluxes between nodes 
that are either air or surface nodes and is capable Of solving the non-linear algebraic equations defined by the 
nodal network. The method of solving these equations for the node temperatures and heat fluxes is not 
described here. For further details of the HSLIGHTS program see Sowell 1991. 
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1 4. Nomenclature 

Mathematical nomenclature 

Name Description 

supply capacity rate 
plume entrainment capacity rates 
room air node capacity rates 
plume air node capacity rates 
capacity rate to load 
floor convective heat transfer coefticient 
ceiling convective heat transfer coefficient 
wall convective heat transfer coefticient 
0.25 x total wall area 
floor area 
ceiling area 

Node names 

R1-4 - room air nodes 
P1-4 - plume air nodes 
W1-4 - wall surface nodes 
S supply air node 
fla - floor air node 
flr - floor surface node 
ceil - ceiling surface node 

Units 
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/ 5. Mathematical description 

The model is defined mathematically by the set of equations representing the heat balance at each node and 
in addition the mass balance at each air node. The heat and mass balances at the air nodes are defined by the 
following equations: 

The capacity rates are the most significant parameters of the model. The supply capacity rate is an input to 
the model. The other capacity rates are a function of the supply capacity rate and the size of the load. In total 
four other capacity rate parameters need to be given -the rest being calculated from the mass balance 
equations. To date the capacity rates have been derived to fit experimental data. A generalised set of 
parameters is under development. 
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17. Algorithm 1 

INITIALIZATION 

Set up data structures for each instance of the zone model 
Model parameters passed from HVACSIM+ to HSLIGHTS 

START TlME STEP 

HVACSIM+ pass air flows, loads and boundary temperatures to HSLIGHTS 
HSLIGHTS performs a heat balance on the nodal nehhark for current time step 
HSLIGHTS performs a moisture balance on the air stream 
HSLIGHTS passes boundary node heat fluxes to HVACSIM+ 
HSLIGHTS passes mom air temperature information to HVACSIM+ along 
with the leaving air humidity ratio 
HVACSIM+ uses heat fluxes to calculate new wall surface temperatures etc. 

START NEW TlME STEP 
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[ 8. Flowchart 

SETUPDATASlWJCTURES 
FOR EACH INSTANCE OF ZONE DATA FILE 

ZONE MODEL 

I 
/ MODEL PARAMETERS / 

HVACSIM+ RECEIVED FROM 

HVACSlMt 

I 

RECENE INPUTS FROM 
HVACSIMt : LOADS 

HVACSIM+ AIRFLOWS 8 BOUNDARY 
/ TEMPERATURES / 

PERFORM HEAT BALANCE 

PASS BOUNDARY HEAT 
FLUXES TO HVACSlMt / 

I 

I PASS RMM A R TEMPEWIIRES 
HVACSIM- AND LEAVlhG HllMID PI RATIO 

Figure 3 Algorithm Flowchart 
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1 9. Source code 

The source code used to implement this model as a HVACSIM+ model consists of a number of elements: 

1. A FORTRAN subroutine forming the front end to HSLIGHTS which is called by HVACSIM+ 

2. An entry in the HVACSIM+ TYPARDAT file which describes the inputs, outputs and parameters of the 
model. 

3. A HSLIGHTS zone data file which defines all the nodes, properties, heat transfer coefficients and view 
factors of the room model 

4. The source code for the HSLIGHTS program. This is witten in ANSI C. 

The first three of the above are given below. The HSLIGHTS source code is omitted because of its length 

1.) The FORTRAN Subroutine front end to the HSLIGHTS program 

SUBROUTINE TYPE200 (XIN,OUT. PAR, SAVED, IOSTAT) 

".'..+""....'.'...*..*....+.*........,+..+..*....+....,+*....**..., 
C OXFORD ZONE MODEL 
C E. F. SOWELL 
C JUNE 1991 
c ' .-----..-------..------.--------.-------.----~...~-~~~~..~~~~..~~- . 
C ' INPUT: 
C * MISCELLANEOUS (NOT AFFECTED BY ZONE DEFINITION FILE): 
C 1. FRACTION OF NOMINAL NUMBER OF OCCUPANTS 1-1 
C ' 2. FRACTION OF NOMINAL EQUIPMENT POWER (-1 
C ' 3. FRACTION OF NOMINAL POWER TO LIGHTS I-) 
C ' 4 .  SOLAR GAIN THROUGH GLASS [KW) 
c ' 5. ZONE HUMIDITY IKG/KG-DRY AIR) 
C 
C + INEXOWS (UPSS, HUMIDITY PAIRS) : 
C NMISCtl. SUPPLY I\IR FLOW (KG/S) 
c + NMISC+Z. SUPPLY AIR HUMIDITY RATIO IKG/KG-DRY AIR) 
C ' . . . 
C ' NMISC+2*NIF-1. SUPPLY AIR FLOW (KG/SI 
C ' NMISC+2'NIF. SUPPLY AIR HUMIDITY RILTIO (KG/KG-DRY AIR) 
C 
C ' TEMPERILTURES OF INTERNAL MASS NODES: 
C * NMISC+Z+NIF+l. MASSIVE NODE TEMPERILTURE iC1 
C . . . 
C ' NMISCIZ+NIF+NMASS. MASSIVE NODE TEMPERATURE iC)  
? 
L 

C + TEMPERILTURES OF BOUNDARY NODES (INCLUDING SUPPLY AIR STREWS): 
C ' NMISC+Z+NIF+NUASS+l. BOUNDARY NODE TEMPERILTURE (C) 
C' . . . 
C ' NMISCt2'NIFtNMASStNBOUND. BOUNDARY NODE TEMPERATURE (C) 
C 
C + OUTPUTS: 
C ' DERIVATIVES OF INTERNAL UASS NODE TEMPERATURES 
C' 1. MASSIVE NODE TEMPERATURE DERIVATIVE (C/S) 
C . . .  
C ' NMASS. MASSIVE NODE TEMPERATURE DERIVATIVE (C/S) 
C 
C DERIVATIVE OF ZONE HUMIDITY 
c NMASS+I. DERIVATIVE OF ZONE HUMIDITY (KG-MOISTUREIKG DRY AIR/S) 
,- . 
C TEMPERILTURES OF LEAVING AIR STREMS 
C ' NMASStltl. LEAVING AIR STREAM TEMPERATURE (CI 
C + ... 
C ' NMASStltNOF. LEAVING AIR STREAM TEMPERATURE LC) 
r - 
C ' NET HEAT GAIN AT BOUNDARY NODES: 
C - NUASStltNOFtl. NET HEAT GAIN AT BOUNDARY NODE (KWI 
C ' . . . 
C NMASS+ltNOF+NBOUND. NET HEAT GAIN AT BOUNDARY NODE (KW) 
C 
C ' ADDITIONAL ZONE OUTPUTS (CAN BE ANY T OR Q AS SPECIFIED IN ZONE.DAT) 
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C ' NMASS+l+NOF+NBOUND+I. ADDITIONAL OUTPUT 
C ' . . .  
C ' NMASS+l+NOFiNBOUND+NZVARS. ADDITIONAL OUTPUT 
C 
C ' PARAMETERS: 
C ' 1. NOMINAL NUMBER OF OCCUPANTS 1-1 
C 1  2. TOTAL HEAT LOSS PER OCCUPANT lKW/PERSON) 
C ' 3. OCCUPANT SENSIBLE FRACTION I-) 

C ' 8. NOMINAL LIGHT OUTPUT ILUMENS) 

LIGHTS PROGRAM INTERFACE: 
(THESE ARE SET FROM THE LIGHTS PROGRAM) 

GENEWL: 
N: TOTAL NUMBER OF NODES IN THE ZONE MODEL 
FIN): DERIVATIVE OF MASSIVE NODE OR HEAT RATE OF BOUNDARY NODE 
TIMEL: SIMULATION TIME 

INTERNAL MASS INFORHATION: 
NMASS: NUMBER OF MASSIVE NODES INTERNAL TO THE ZONE UODEL 
IMASSINMASS): ZONE MODEL MASSIVE NODE INDICES 
THINMASS): UASSIVE NODE TEMPERATURES 
AIRHASS: TOTAL HRSS OF ALL AIR NODES 
THRHASS: TOTAL THERHAL HRSS OF ALL AIR NODES 

BOUNDARY NODE INFORHATION: 
NBOUND: NUMBER OF BOUNDARY NODES SET BY HVACSIM 
IBOUNDINBOUND): ZONE MODEL BOUNDARY NODE INDICES 
TBOUNDINBOUNDI: BOUNDARY NODE TWPEWTURES 

MASS FLOW CONDUCTOR INFORHATION: 
NOTE-- FLOWS AFFECTING CONDUCTORS ARE NOT NECESSARILY 
SAME AS ZONE SUPPLY OR LEAVING FLOW STREAMS. SOME SCHEMES 
FOR ROUTING AIR THROUGH THE ROOM AND PLENUM 
HAVE A SINGLE PHYSICAL "SUPPLY" STREAM, BUT 
DUE TO INTERNAL DIVERSION HRY HAVE TWO OR MORE 
UASS FLOW W T E  TYPE CONDUCTORS. ON THE OTHER HAND, 
A SINGLE MASS FLOW RATE MAY SET SEVERAL CONDUCTORS. 

INFLOWINALF): CONDUCTANCE INPUT AIR FLOW INDEX ll..NIFl 

NEEDED FOR SETTING UP TYPE288 OUTPUTS: 
NO€: NUMBER OF LEAVING AIRSTREAMS 
IOUTINOF): INDICES OF NODES FOR SETTING OUT FLOW TEMPERATURES 
NZVARS: NUMBER OF ADDITIONAL ZONE VARIAVLES OUTPUT 

THINGS IN THE HVACSIMi SAVED ARRAY: 
SAVEDll) = INSTANCE COUNTER 
SAVED121 = POINTER TO PRIVATE DATA [SET IN THE C CODE) 
SAVED131 = TIME AT LAST CALL 
SAVED141 = TIME AT PREVIOUS TIME STEP 

UNITS OF MEASURE: 
NORHALLY THE LIGHTS PROGRAM WILL BE COMPILED TO WORK INTERNALLY IN 
SI UNITS. THE FOLLOWING PARAMETER SETTINGS SUPPORT THIS UNIT SYSTEM, 
PROVIDING AN SI INTERFACE TO HVACSIM+: 

P A W E T E R  iTBASE=273.11111.TCONV~1.O.OCONV=1.O.TSCALE=1.OI . . 
P A W E T E R  IACONV= 1.0) 

C IF THE LIGHTS P R O G M  IS COMPILED TO WORK INTERNALLY IN IP UNITS, 
C USE THE FOLLOWING P A M E T E R  SETTINGS TO GET AN SI HVACSIMt INTERFACE: 
C P A M E T E R  lTBASE=451.6,TCONV=1.8,QCONV=3414.O.TSCALE=3600.Ol 
C P A M E T E R  (ACONV= 0.0525031 

P A W E T E R  lMAXIN=30, MAXOUT=30, MAXIO=30) 
P A W E T E R  (MAXNODES=50, wALF=SO. MAXPAR=B, W S A V = 4 )  
PARAMETER /MAXREPT=3OI 

DIMENSION XIN IMAXINI , OUT (MAXOUT), IOSTATIUAXIOI , PARIMAXPAR) 
DIMENSION SAVEDIMAXSAV~ 

. . 
DOUBLE PRECISION LUMENS 
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CHARACTER'I15 FSTRING 
INTEGER IFIRST 
INTEGER IMASS(WNODES),NMASS, N, NALF. IALF(MAXALF) 
INTEGER IBOUNDIMAXNODES) ,NBOUND, INFLOW(MAXALF1, IOUT (WNODES) 
INTEGER NIF. NOF, NPAR, NSAVED, NMISC 
INTEGER CODESIMAXREPTI 

DOUBLE PRECISION ZVARS(HIU(REPT1, AIMSS. T H M S S  
REAL SSUIN.SUHHRSS,HV,CPA 
SAVE IFIRST,IHASS, N, NMASS, NALF, IALF, IBOUND. NBOUND 
SAVE INFLOW, NIF, NO€, INSTANCE, NZVARS, AIRMASS, T H M S S  

DATA IFIRST /1/ 
DATA CPA/1.006/, HV/2554.91/ 
DATA INSTANCE 111 

C. 
C. ZONE288.DAT DEFINES THE ZONE GEOMETRY. ETC 
C. 
FSTRING ='zone288.ddt' 

C. SETUP CREATES A NEW INSTANCE OF THE ZONE. IF IT IS THE 
C. FIRST INSTANCE OF THIS ZONE. IT READS DATA FILE "zoneZB8.dat" 
C. AND SETS UP CLASS DATA STRUCTURES. ON SUBSEQUENT CALLS 
C. IT WILL ONLY ALLOCATE STORAGE FOR THE PRIVATE DATA FOR THE 
C. NEW INSTANCE. 

C. THE IF-CHECK DEPENDS UPON INITIALIZATION OF THE SAVED ARRAY 
C. TO 0.0 AT A HIGHER LEVEL. SUN OS SEEMS TO DO SO. 

IF(INT(SAVED(111 .EQ. 01 THEN 
IF(1NSTANCE .EQ. 11 THEN 

CALL SETUP(FSTR1NG. N, NHASS, IMASS. NBOUND. IBOUND. 
+ NALF, IALF, INFLOW, NIF, NO€, IOUT, NMISC, NPAR, 
+ NSAVED. NZVARS. THRMASS. INSTANCE. SAVED121 I 

AIRMASS = THMSS1CPA 
NINPUT - NMISC+NHASS+2*NIF+NBOUND 
NOUT = NHASS+l+NOF+NBOUND+NZvARs 
N W I O  = NINPUT 
IF(N0UT .GT. NINPUT) THEN 
NMAXIO = NOUT 

ENDIF 
ELSE ---- 

CALL INSTANIINSTANCE, SAVED(2)I 
z..,nTm 
-..-A. 

SAVED111 = INSTANCE 
INSTANCE = INSTANCE +1 

ENDIF 
C. 
C. CALL TO THE ZONE FILE WRITER 
c. - ~ 

IF(IT1ME .GT. 11 THEN 
IFITIME .GT. SAVED1311 THEN 

TIMEL = SAVED(411TSCALE 
SAVED(41 = SAVED131 
CALL WZONE (TIMEL, SAVED (2) 1 

ENDIF 
ELSE 

SAVED141 = SAVED(3) 
EN Dl F 

DO 10 I = 1. NHASS 
TM(I) = TCONV'XIN (NMISC+Z'NIW + TBASE 

10 CONTINUE 

DO 20 I = 1, NBOUND 
TBOUND(1I = TCONV'XINlNMISC+Z*NIF+NMASS+I) + TBASE 

20 CONTINUE 

MCCS = PAR(1) ' PAR(2) ' PAR(3) ' XIN(1I ' CCONY 
WCCL = PAR(1) ' PAR(2) ' (1.0-PAR(3)) ' XIN(1) ' QCONV 
QEQPS =PAR(41 'PAR(51 'XINIZ) 'CCONV 
QEQPL =PARl4) +(1.0-PAR1511 'XINIZ) 'QCONV 
QSOL = XIN(41 + CCONV 
QLIGHTS = PAR(6) (1.0 - PAR(1)) ' XIN(31 QCONV 
QBALST = PAR(6) ' PAR()) XIN(3) ' CCONV 
LUMENS = PAR(B1 XIN(3) 
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. 
C EVALUATE DERIVATIVES OF DYNAMIC TEMPERATURES 
C AND THE HEAT FLOW RATES AT THE SHARED MASS NODES 

C THIS IS A CALL TO THE C PROGRAM 
C TO CALCULATE TEMPERATURE DERIVATIVES AND BOUNDARY TEMPERATURES 

C SET UP OUTPUTS 

C TEMPERATURE DERIVATIVES FOR MASSIVE INTERNAL NODES: 
DO 40 I = 1, NMASS 

OUTIIl= lFlIMASSlI~+ 11 ITCONV) /TSCALE 
40 CONTINUE 

C ZONE HUMIDITY DERIVATIVE: 
SUMIN = 0.0 

J = -2 
DO 45 I=l. NIF 

J = J + 2  
SUMMASS = SUMMASS + XIN(NMISC+l+J) 
SUMIN = SUMIN + XIN(NHISC+l+J~'XININMISC+l+Jtl) 

45 CONTINUE 
OUT (NMASS+l) = (SUMIN-SUMFASS'XIN IS) +lQOCCL+QEQPLI /HVl IAIRHIISS 

C OUTFLOW TEMPERATURES: 
DO 50 I = 1, NOf 

OUTlNMASS+l+I)= ITOBI11 - TBASE )ITCONV - ~ -  .~ 
50 CONTINUE 

C ZONE BOUNDARY HEAT FLOWS: 
DO 60 I = 1, NBOUND 

OUTlNMASS+1+NOF+Il~ FIIBOUND(I1 + 11 /QCONV 
60 CONTINUE 
" 
L 

C GET ADDITIONAL VARIABLES FROM ZONE MODEL FOR OUTPUl 
C 
IFINZVARS .GT. 01 THEN 
CALL GZVARSlSAVED(21, ZVARS, CODES) 

DO 10 I = 1, NZVARS 
IFICODES(I1 .EQ. I1 THEN 

O ~ T ( N M A ~ ~ + ~ + N O B + N B O ~ N D + I I  = ZVARS 11) ITCONV 
ELSEIFLCOOES (I1 .EQ. 2 .OR. CODES 111 .EQ. 6 .OR. CODES (I1 .EQ. 7 

+ .OR. CODES(I1 E .  Bl THEN 
OUTlNMASS+l+NOF+NBOUND+Il= ZVARSIIIIOCONV 

~ 

ELSE 
OUT(NMASS+I+NOF+NBOUND+Il= ZVARS 11) I (QCONV'ACONVI 

ENDIF 
70 CONTINUE 
ENDIF 

C DERIVATIVES CAN BE FROZEN (I SUPPOSE!l 

DO 100 I=I,NMASS+~ 
IOSTATIIl = 1 

100 CONTINUE 
" 

DO 200 I=NHASS+Z. NMAXIO 
IOSTAT[II = 0 

200 CONTINUE 
C 

RETURN 
END 

2.) The entry in the HVACSIM+ TYPAR.DAT file for the model 

,.+*.*..*..**.....*.*+.+..*+..... ~........*.........**...*...***...*.. 
200 'LIGHTS-based Ois~lacement Ventilation Model: one outside wall' 
4 1 34 13 0 
B 'Zone leaving humidity ratio' 'kg/kg' 
3 ' e x  a Temoerature' 'C' 
J ' ~ e f  heat' to boundary sp-a' 'kU' 
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7 'Net heat to boundary flrr' 'kw' 
7 'Net heat to boundary ceil' 'kw' 
7 'Net heat to boundary "_el' 'kW' 
7 'Net heat to boundary u-e2' 'kw' 
7 'Net heat to boundary u-e3' 'kW9 
7 'Net heat to boundary u-e4? 'kW7 
3 'Temperature of fl-a' 'C' 
3 'Temperature of rl-a' 'C' 
3 'Temperature of r2-a' 'C' 
3 'Temperature of 13-a' 'C' 
4 'Fraction of nominal nwnber of occupants' ' - '  
4 'Fraction of nominal ermi~ment ~ o r e r ~  ' - '  - .  

'Fraction of nominal power to lights' 
'Solar gain through glass' 'kw' 
'Zone leaving humidity ratio' 'kg/kg' 
'Supply air flow I '  'kg/=' 
'Humidity ratio of supply air flou 1' 
'Supply air flou 2' 'kg/sq 
'Humidit" ratio of suoolv air flou 2' 
'supply Hir flow 3, ,Yg/i- 
'Humidity ratio of supply air flou 3 '  
'Supply air flou 4 '  'kg/s' 
'Humidity ratio of supply air flov 4' 
'Supply air flou 5' 'kg/s' 
'Humidity ratio of supply air flou 5' 
'Supply air flou 6' 'kg/s' 
'Humidity ratio of supply air flov 6' 
'SUDD~V air flou 7 '  'kds' .. . 

8 'Humidity ratio of supply air flou 7' 'kq/kq' . . 
2 'Supply air flov 8' 'kg/;' 
8 'Humidity ratio of supply air flou 8 '  'kg/kg' 
2 'Suoolv air flov 9' 'ko/s' .. . > 

8 'Humidity ratio of supply air flou 9' 'kg/kg' 
2 'Supply air flou 10' 'kg/st 
8 'Humidity ratio of supply air flow 10' 'kg/kg7 
2 'Supply air flou 11' 'kg/=' 
8 'Humidity ratio of supply air flou 11' 'kq/kgs 
3 'Temperacure of boundary ap-a' 'C' 
3 'Temperacure of boundary flrr' 'C' 
3 'Temperature of boundary ceil' ' C '  
3 ' T m e r a t u e  Of boundarv r el' ' c '  

1 'Nominal Nvmber Of Occupants ( -1  ' 
2 'Total Heat Loss Per Occupant lkW/person)' 
3 'Occupant sensible fraction ( - ) '  
4 'Nominal Equipment Power (kW)' 
5 'Equipment Sensible Fraction I-) '  
6 'Nominal Lighting Power (kW)' 
7 'Fzaction lighting power to ballast ( - ) '  
8 'Nominal Light output (Lumens)' 

3.) Zone data file for the HSLIGHTS program. 

/. 
Test data for Oxford HVACSInt zone model 

Rectangular room with walls, size as Li et a1 
* Walls split into four equal layers - air flou with entrainment 

room and plume have three air nodes 
Outside temps. and U values set as Li's case 83. 

S.J.Rees - 21/2/95 . / 
/+ program control parameters '/ 
/' Neucon-Raphson controls * /  
/'eps max tries '/ 
0.000000001 100 

/ *  shortwave limits (microns)'/ 
/ *  ms 1st last '/ 

1 0.3 0.8 
/' longwave limits (microns)'/ 
/' ml 1st last * /  

1 1.0 200.0 
/ +  n lnwnber of nodes)'/ 

30 
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c e i l  0 . 0  1 5 . 1 2  0 . 5 0  0 . 0 5  0 . 0  0 . 0  22.0 
flrr 0 . 0  1 5 . 1 2  0.50 0 . 0 5  0 . 0  0 . 0  22.0 

1. 1111 nodes * /  

I' air nodes ' I  
ex-a 0 . 0  0.0 1 . 0  1 . 0  0 . 0  0 . 0  22.0 
f 1-a 0 . 0  0 . 0  1 . 0  1 . 0  0 . 0  0 . 0  2 2 . 0  
sp-a 0 . 0  0 . 0  1 . 0  1 . 0  0 . 0  0 .0  22.0 
pl-a  0 . 0  0 .0  1 . 0  1 . 0  0 .0  0 . 0  2 2 . 0  
p2-a 0 . 0  0 .0  1 .0  1 . 0  0 . 0  0 . 0  22.0 
p3-a 0 . 0  0 .0  1 .0  1 . 0  0 . 0  0 .0  2 2 . 0  
r 1-a 0 . 0  0 . 0  1 . 0  1 . 0  0 . 0  0 . 0  22 .0  
r2-a 0 . 0  0 . 0  1 . 0  1 . 0  0 . 0  0 . 0  2 2 . 0  
r3-a 0 . 0  0 . 0  1 . 0  1 . 0  0 . 0  0 .0  2 2 . 0  
lo-a 0 . 0  0 .0  1 .0  1 . 0  0 . 0  0 . 0  22.0 

I' l amp nodes ' I  
l a m p  0 . 0  1 . 0  0 . 5  0 . 0 5  0 . 0  0.0 22.0 
b l s t  0 . 0  0 . 1  0 . 5  0 . 0 5  0 . 0  0 . 0  22.0 

I' 
I *  vie* F a c t o r  Data 
/ *  
I* number of I , J . F ( I , J )  t r i p l e t s + /  

152  

c e i l  c e i l  0 . 0  
f l r r  f l r r  0 . 0  
u-"1 "-nl 0 . 0  
u-"2 w_n2 0 . 0  
u-"3 u-"3 0 . 0  
"-"4 u-"4 0 . 0  
"-91 u-91 0 . 0  
u_s2 w-$2 0 . 0  
u-$3 v-33 0 . 0  
v-34 v-34 0 . 0  
" v l  u W l  0 . 0  
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/' The JJF vector * /  
/' row col d e t .  by co 

ceil u-n3 
flrr v-e4 
u nl cell 

r2Ia r2Ia 
r3-a r3-a 
10-a 10-a 
lamp lamp 
OlSt b l ~ t  

/' Radiant transmission 

ceil 0 
flrr 0 
u-nl 0 
v-n2 0 
u-n3 0 
v-"4 0 
v $1 0 

nrervat ion + /  

coupling vect 
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/ Conduction/convection data 
I+ N u m .  of Conductors ' I  

35 

I' from to alpha beta gema delta 
I' convection from floor (hf = 6) ' 1  

flrr fl-e 0.09072 0.0 0.0 1.0 
I *  Convection to ceiling (hc = 6) ' 1  

ex-= ceil 0.09072 0.0 0.0 1.0 
I+ air flow conductances (ale = 3) ' 1  

sp-a -ex-a 0.04158 0.0 0.0 1.0 
fl-a -sp-a 0.04158 0.0 0.0 1.0 
lo a -fl a 0.02079 0.0 0 0 1 n ~ ~ ~ ... 
pl-a -l& 0.02079 0.0 0.0 1.0 

-flIa 0.02079 0.0 0.0 1.0 
pl-a 1 0.00693 0.0 0.0 1.0 
r2-a 1 0.01386 0.0 0.0 1.0 
02 a -01 a 0.02772 0.0 0.0 1.0 

- - 
r3Ia -p3-a 0.0166 0.0 0.0 1.0 
ex-a -p3-a 0.04158 0.0 0.0 1.0 

I+ convection from surfaces to air nodes (hu = 3)+1 

~ ~ 

" 3 1  rlra 0.008664 0.0 0.0 1.0 
u-u2 12-a 0.008664 0.0 0.0 1.0 
u-"3 r3-a 0.006189 0.0 0.0 1.0 
u-"4 en-a 0.006189 0.0 0.0 1.0 
u nl rl a 0.006189 0.0 0.0 1 n 

wIs3 r3Ia 0.006189 0.0 0.0 1.0 
u-s4 ex-a 0.006189 0.0 0.0 1.0 
"-31 rl-a 0.006189 0.0 0.0 1.0 
u 32 r2 a 0.006189 0.0 0.0 1.0 - 
G m p  ex-a 0.001 0.0 0.0 1.0 
blst ex-a 0.001 0.0 0.0 l.O*/ 

u-e3 13-a 0.01733 0.0 
u-e4 ex-a 0.01733 0.0 
w el rl a 0.01733 0.0 
wIe2 r2Ia 0.01733 0.0 
u-u3 r3-a 0.01733 0.0 
u-u4 ex-a 0.01733 0.0 
u-ul rl-a 0.01733 0.0 
u u2 r2 a 0.01133 0.0 
uIn3 r31a 0.01238 0.0 
u-"4 ex-a 0.01238 0.0 
u-nl 11-a 0.01238 0.0 
u-"2 r2-a 0.01238 0.0 
u s3 r3 a 0.01238 0.0 
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u-s2 12-a 0.01238 0.0 0.0 1.0 
lamp ex-a 0.001 0.0 0.0 1.0 
b1St ex-a 0.001 0.0 0.0 1.0 

/ *  vector indicating which is lamp surface ' I  
/' NOTE: lamp nodes must have power '/ 

/. Vector indicating which is ballast surface * /  

/' Lamp luminous diatribution vs. wave length '/ 
/ *  No. of points on the curve '/ 

39 

/' wauelength,output pairs '/ 
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/' Lamp relative power and luminous output curves +I 
I+ NO. point. on curve+/ 

I+ Node reporters 'I 
/ NO. of reporters '/ 

I 
I+ File name Writing interval Nodes reported *I 
/* OU t 0.01 5 ' 1  - .  
I' This one writes to a file. Doesn't work too well due to lack of 

+ synchronization with calculation interval. Best w e  can do is make 
+ requested interval small, causing printing at the calculation pints 
'I 

/'Node NO. items reported at node 'I 

I* This one sets up additional zone variables to pass beck for TYPE208 output+/ 
I' File name Writing interval Nodes reported '/ 

none 0.0 4 
/'Node No. items reported at node +I 
€1-a 1 -1 
r1-a 1 -1 
r2-a 1 -1 
13-a 1 -1 

/' HVACSIM+ TYPE108.f interface definition 'I 

/* Description string (60 char max on a separate line) 'I 
LIGHTS-based Displacement Ventilation Model: one outside wall 

I' n-misc: Number of miscellaneous inputs to TYPE188 (always 5):'I 
5 
I* n g a r :  Number of TYPE108 parameters (always 81'1 

I' "-saved: Number of TYPE188 saved values(a1uays 4 1  'I 
4 

/ Massive nodes in order of TYPE108 input list:. Include every node with 
mass greater than mi". recognized mass. , 

/' n-mass: Number of massive nodes:./ 
0 
I' Node labels 'I 

/' Boundary nodes. Include enclosing surfaces and supply air nodes 
LiSt in order of TYPE180 input list. 

'I 

I' n-bound: Number of boundary nodes:+/ 
7 

/* Node labels *I 
sp-a flrr ceil u-el u-e2 u-e3 u-e4 

I' "if: Number of TYPE 108 input flows (used to set mass flow type conductances 'I 
11 

/' nalr = Number of mass flow type conductances -- m-dot'cp *I 
14 

/' nelr triplets: (downstream-node upstream-node input-flow-index) 'I 

I* ap-a -ex-a 1'1 
£1-a -sp a 1 
lo-a -flra 2 
pl-a -lo-a 2 
T1-a +-a 3 
pl-a 1 6 
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r2 a -rl a 5 

ex-a -p3-a 1 

/'no£: Number of TYPE108 output f l o w s  '/ 
1 
I' node labels for temperatures of output flows ' I  
ex-a 

/' Distribution of occupant, equipment, and solar, SENSIBLE heat gains+/ 
occupant equipment 'I 

/' Number of air nodes '/ 
1 0  - ~ 

I' Air node labels (used to determine air mass for humidity diff eq)-I 
ex-a €1-a sp-a pl-a p2-a p3-a rl-a r2-a r3-a lo-a 

I' That's all folks! +I 
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11. Technology area 1 
Night cooling control strategies for commercial buildings. 

(I- Developed by 1 
Name : Maria Kolokotroni I Andrew Martin 

Organisation : Building Research Establishment 

Address : Environmant Group, Garston, 
Watford. W02 7JR. UK 

Phone . +44 1923 664000 

Fax ++44 1923 664796 

kolokotronim@bre.co.uk 
Emai l  

Old Bracknell Lane West. Bracknell 
Berkshire, RG12 7AH. UK 

13. General description 

Three control strategies suitable for night cooling for commercial buildings have been identified. The 
effectiveness of the strategies has been monitored in buildings with mixed mode (combination of natural and 
mechanical) ventilation strategies. 

The strategies are as follows: 

Setpoint Control 

This control strategy for night cooling typically calculates the mean extemal temperature for a time period 
during the afternoon. In the event that the mean outside temperature is above the " p m l  initiation 
setpdM (e.g 20°C) for this period and the intemal temperature is greater than the extemal temperature 
then precooling will take place at the end of the occupation period. Precooling is carried out until the zone 
temperature drops to the minimum allowable space temperature (e.g.16"C) at which point all the inlet and 
outlet vents will be closed Once this has occurred then the building will slowly increase in temperature 
due to heat gains re-emitted from the building fabric, furniture and fittings. 

The vents remain shut until this passive heating p m s s  has allowed the intemal temperature to rise (e.g. 
19°C) at which point the inlet and outlet vents again open. This cooling and heating process continues 
until such time as the "prehear' period is reached. The preheat period is the time at which the inlet and 
outlet vents must shut in order that the heating effects of the building fabric and fittings will heat the space 
to the heating setpoint (e.g 19°C) by the start of occupation. A further calculation is continuously carried 
out after preheat has started to assess if the building wiil reach the heating setpoint by the start of the 
occupation period. If this setpoint is not reached then the heating plant will be enabled. Although this is 
not anticipated to occur it does ensure that any overcooling will not affecl the comfort conditions. Wind 
and rain interlocks are utilised to prevent water ingress and damage due to high air velodties. A low 
extemal temperature interlock (eg 12°C) is alsn provided to prevent any risk of condensation. 

Slab Temperature Control 

This precooling strategy aims to cool the slab to a predefined slab temperature setpoint during the night 
in order to offset the heat pains of the next day. If the control strateqv is aD~lied to a mixed-mode buildina 
utilising bdh automatic &rol of casement .windows and mecha&al ventilation plant, the mechanicaj 
plant shuts down at the end of the occupation period. In the event that the space temperature is more 
than say, 0.5"C above the cooling setpoint (eg 23"C), passive cooling utilising the casement windows will 
be maintained in order to reduce the intemal space temperature. The amount of cooling is controlled by 
the intemal air temperature. At a predetermined time, and providing that the building is to be occupied 
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the follmng day, the slab temperature 1s compared mth the required slab temperature setpnnt and I thls 
IS hlaher then slab coollna mll commence Passve coolma IS lnltlallv wed to faul tate coolma of the slab 
andThis is controlled by the slab temperature setpoint. ~h;calculati& of the slab temperature setpoint is 
self-leaming and is based on equalising the slab temperature, the rwm temperature and the slab 
temperature setpoint. An adjustment factor is provided in order that towards the end of the occupancy 
period a cooling effect is still available from the slab (if the slab and the room are at the same temperature 
then there is no cooling available). A further factor allows the amount of self-leaming to be varied 
between full self-leaming and no self-leaming. Wind and rain interlocks are utilised to prevent wter 
ingress and damage due to high air velocities as wll as a low extemal temperature interlock (e.g. 12°C) 
to prevent any risk of condensation. 

If at the start of the low elechicity tariff period the slab temperature has not achieved the slab setpoint, the 
time is calculated so that the fan assisted cooling is enabled to achieve the slab temperature setpoint by 
the end of the low tariff period. This calculation is based upon the difference between the intemal and the 
extemal temperature and the rate of change of the slab temperature using the fans under these 
conditions. 

If the building is to be unoccupied for more than 24 hwrs then at the end of the occupancy period all the 
plant will shut d m .  Natural ventilation will be employed to maintain the space temperature conditions. 
At say, 18:OO hours the day before the next occupancy period, the precooling strategy detailed above will 
be initiated for slab cooling. 

Degree Hours Control 

This precooling strategy aims to measure the daytime heat gains in the space and the cooling gains at 
night, using these to maintain the equilibrium between the building fabric temperature and the space 
temperature. The method of estimating the daytime heat gains is based upon measuring the degree 
hours of heating. The heat gain degree hours is defined as the amount by which the temperature is 
above the chosen setpoint, totalled for all the hours in the period. The decision as to precool or not is 
based upon the number of hours that the intemal temperature is above the room temperature setpoint. If 
at the end of the occupied period the degree hours are greater than say, three degree hours, and the 
intemal temperature is greater than the extemal temperature then the decision is made to p m l  the 
building during that night. Normal wind and rain interlocks still apply as wll as the proviso that the 
extemal temperature is above the low limit setpoint (12°C) to prevent any risk of condensation. 

Once precooling has been initiated the inlet and outlet vents modulate to maintain the space temperature 
at the precool setpoint (e.g. 18°C). The amount of time that the intemal temperature is below the cooling 
setpoint is calculated and a figure for the night cooling gains obtained. When the degree hours of night 
cooling gains are equal to those of the daytime heating gains the precooling is complete. However further 
cooling will take place since the intemal temperature will still be below the rwm temperature setpoint. 

If night cooling is not completed then the conLrol system calculates the time that the ventilation should 
shut d m  in order that the heat gains (from the building fabric, furniture and fittings) will provide suff~dent 
heating to raise the space temperature to the space temperature setpoint by the start of occupation 
period. 
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Summary 

To help choose bebeen the different strategies, a recommendation has been derived based on 
monitored results and thermal modelling defined by the following rules: 

Select one or a combination of the follwing criteria to initiate night cwling 
=, peak zone temperature (any zone) > 23% 
= average daytime zone temperature (any zone) >2Z°C 
= average afiernwn outside air temperature > 20% 
= slab temperature >23'C 

Night cmling should continue through the night providing that all the follming mnditions are satisfied 
= zone temperature (any zone) > outside air temperature (+2K, or more, for mechanical 

ventilation , ie to allow for fan pick up. +OK for passive ventilation) 
= zone temperature (any zone) > heating setpoint 
= minimum outside air temperature >lZ°C 

Night cooling should be potentially avaialable seven days per week and thoughout the entire non- 
occupied period in the building. 

/ 4. Mathematical descri~tion 

Setpoint Control kll operate night cooling if the following conditions are satisfied: 

the time is beheen midnight and 7am AND 
inside air temperature > cmling setpoint (e.g. 18°C) AND 
the outside temperature > lZ°C AND 
the outside air temperature c inside air tempefature 

Slab Temperature Control kll operate night cmling if the following conditions are satisfied: 

the time is bebeen midnight and 7am AND 
slab temperature > -ling setpoint (e.g. 23°C) AND 
the outside tempefature > 12% 

Degree Hours Control kll operate night cmling if the following mnditions are satisfied: 

the time is behen midnight and 7am AND 
heat gain degree hours > preset degree hours (e.g. 3) AND 
the outside temperature r lZ°C 

heat gain degree hours = (number of hours) x pos(intema1 temperature - cooling setpoint (e.g. 18°C)) 

1 5. References 

1. Martin A., 'Night Cwling Control Strategies', in Proc. ClBSE National Conference 1995, Volume II. CIBSE. 
London. pp215-222. 

2. Martin A and Fletcher J, 'Night Time is the Right Time'. Building Services Journal. August 1996, pp 25-26 

3. Fletcher J.S., Martin A.J., 'Night Cwling Control Strategies', Technical Appraisal 14/96, BSRlA 1996. 
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1 6. Flowcharts 

Precooling. 
Open inlet and 
outlet vents. 

Tin > (i- 
Disable Recooling 

Figure I: Control Strategy 1- Setpoint Control 
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Figure 2: Control Strategy 2 - Slab Temperature Control 
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Figure 3: Control Strategy 3: Degree Hours Control 
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1 7.1 Sample results using Kew weather data 

The follodng three graphs are an illustration of the internal zone air temperatures predicted by each wntml 
strategy for (a) a typical summer day. (b) a peak summer day and (c) a typical spring day, using Heathrow UK 
weather data. 

MODELLING RESULTS -COMPARISON OF ZONE AIR 
TEMPERATURE FOR A TYPICAL SUMMER DAY 

23 ! 
-- 

; No night cooling andthe 22 i ,.----. I 
1 degree hrs strategy ''-, ,, - ___.----- -.-. 21 

I 
-. . 1 

'\ -. _ _ . C  - -  ----_.__.-._._._._.-;------.-"----_.__.-._._._._.-;------.-".72..-" -. . -7 

.._ , . External 

14 "Setpoint and slab 
13 i temp strategies I 

Figure 4: Typical summets day zone air temperature. This graph demonskates that the degree hours night 
cooling strategy did not operate since that the internal temperature did not rise above 24'C. The setpoint and 
slab temperature wntrol strategies did operate, both for the same amount of time, 

MODELLING RESULTS - COMPARISON OF ZONE AIR 
TEMPERATURE FOR A PEAK SUMMER DAY 

External I 
ch night cooling strategy I 

Figure 5: Peak sumrnets day zone air temperature. This graph shows that all the night m l i n g  control 
strategies operated for the same amount of time ie maximum night cooling 
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MODELLING RESULTS -COMPARISON OF ZONE AIR 
TEMPERATURE FOR A TYPICAL SPRING DAY 

22 1 

r n m ~ = ~ ~ ~ ~ ~ "  ~ m o - ~ m *  
N N N N N  

Time 

Figure 6: Spring day zone air temperature. This graph shows that the conditions were n d  satisfied for any of 
the night cooiing strategies to initiate night cooling. 

Figure 7: Internal temperature frequency distribution of a typical office module with hw levels of internal 
+ solar gains. NC denotes day ventilation and night ventilation at 4 ACIh. nNC denotes day ventilation 
at 4 AClh but no night ventilation. 
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1 7.2 Sample results using Zurich weather data 1 
The following graphs are the predicted temperatures using the Annex 28 reference building model and 
weather data (Zurich) provided by Mark Zimmermann (SAherland). The Setpoint Control strategy was used 
for the cass Mere night m l i n g  is used (NC). For comparison simulations were nm AUlout night m l i n g  
(nNC). 
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COMPARISON OF ZONE AIR TEMPERATURE FORA INTERNAL PEAK SUMMER DAY 

! 
! _ _ .  . . . 
I Zone (nNC. 20 Whn2)j 

COMPARSON OF ZONE AIR TEMPERATURE FOR A EXTERNAL PEAK SUMMER DAY 

34 1 

_:/- 

Outside Air I 
Zone (NC. 20 Wlm2) 1 

. . . - - -Zone (nNC. 20 Wlm2) / 
1 -  (NC, 60 w/mz)-i 

COMPARISON OF ZONE AIR TEMPERATURES FOR A TYPICAL DAY IN JUNE 

Figure 8: Modelling results using Zurich weather data. Annex 28 reference building and the setpoint 
control strategy. 
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COMPARISON OF ZONE AIR TEMPERATURE FOR A TYPICAL DAY IN JULY 

................. 
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- m O ' " " C m m P = " " f $ ~ ~ z ; ; M z ~  
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COMPARISON OF ZONE AIR TEMPERATURE FOR A TYPICAL DAY IN AUGUST 

34 7 

32 i - 30 -, ........... 0, 28 f -- 7 

2 6 i  _ ~ ... !- Outside Air I 
i .. .. $ 24 ;- - ~ o n e  (NC. 20 ~ l m 2 )  1 

2 2 +  
-. 

E - -Zone (nNC. 20 Wlm2) I 
... ...... Zone (NC. 60 Wlm2) ........ 18 

C i 
16 T 

COMPARiSON OF ZONE AIR TEMPERATURE FOR A TYPICAL DAY IN SEPTEMBER 

34 r 
32 1 

!- Outside Air 
i 

....................... ................. 1 -  - - Zone (NC. 20 Wlm2) / 
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Zone (NC, 60 WIm2) 

14 !- 
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Figure 9: Modelling results using Zurich weather data, Annex 28 reference building and the setpoint 
control strategy. 
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Figure 10: Internal temperature frequency distribution of Annex 28 reference building and Zuricjh 
weather data with two levels of internal + solar gains. NC denotes day ventilation and night ventilation at 
4 ACIh. nNC denotes day ventilation at 4 ACIh but no night ventilation. 
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( I. Technology area 1 
Night ventilation in residential buildings - ventilation due to window opening 

12. Developed by 

Name : J.R. MILLET and 'J.A. BOUCHET 

Organisation : CSTB - 'C.E.T.E. Mbditerranbe 

Address : BP 02 - F-77421 Marne-la-Vallbe Cedex 02 
'BP 37000 - F-13791 Aix-en-Provence Cedex 03 

Phone : 33 01 64688300 
'33 04 42247966 

Fax 

E-mail : millet@cstb.fr 

13. General description 

This algorithm can be used to calculate air flow rates in residential buildings in summer due to window 
opening. It is based on typical occupant behaviour regarding noise exposure of windows. 

Firstly, the state of opening of windows is calculated for three periods (night, early evening, day) taking into 
account window characteristics and the type of room (bedroom or not). This provides equivalent opening 
areas which are then used in a second step to calculate the air change rate. 

r4. Nomenclature 1 

eouivalent area coemcient 
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15. Mathematical description 

5.1. Calculation of the air change rate due to window opening 

5.1.1 Algorithm 

a) each window is characterised by the following parameters : 
ROL ratio between the maximum free opening area and the window area 
IBR exposure to outdoor noise (expressed in terms of required sound insulation) 

1 : no reauirement. 
2 : 30 dB. 
3 : 35 dB. 
4 : 40 d ~ :  

IPV exposure to breaking or entering 
1 : no risks or non accessible or protected window, 
2 : others. 

Each window with lower part higher than 2 m from the ground is considered as non 
accessible. 
IJN occupation of the room behind the window 

1 : sleeping room 
2 : others 

IPS type of solar device 
1 : permeable devices giving a protection against entering when closed. 
2 : other permeable devices. 
3 : other devices, 
4 : no solar device. 

A device is considered as permeable to air is the air openings area is greater than 0.3 
times the window area. 

b) ph  is defined as a period of day (night, early morning, day) 
For each window b, the equivalent air area Aeq (b.ph) is calculated as: 

Aeq (b, ph) = Ab . ROL . Cpr (IJN. IBR. IPV. IPS) 
where Ab (m2) is the window area. 
The equivalent areas for the dwelling window are summed for each orientation or (East :1, 
South :2, West : 3, North :4). Equivalent total areas are then obtained for each olientation : 

Aeqt (vh,or) = X , Aeq (b,iW 

c) The air change rate Deb(ph) for the dwelling (m31h) is then calculated for each period of time 
ph by: 

Deb(ph) = 100 (X,Aeqt (ph.or) + 3 d ( Za2ralrAeqt (ph.or1) . Aeqt (ph,oR)) 
where 100 (mlh) is an equivalent wind speed for thermal stack effect and cross ventilation due to 
the wind. The first term of this equation is related to the stack effect for one room. The second 
one takes into account cross ventilation [I]. 
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m m  
type 

IJN - 

1 
leeping 
m m s  

2 
other 
m m s  

- 
all - 

Parameters values 

- 
- - 

S 

- 

- 
= 

Cpr coefficients Cpr (IJN, IBR, IPV, IPS) for each period of day phi,2, 

safety I solar I( night ( eally I day 1 

I, - I 

2or3  1 all I 

the period of times ph are constant and defined as (in solar time) 
night : from 18h to 5h (e.g. 20h to 7h legal time) 
earlv mornino : from 5h to 7h (e.g. 7h to 9h legal time) - - . , - . . . . . . = .  
day : from 7 to 18h (e.g. 9h to 20 legal time) 
The Cpr coefficients Cpr (IJN, IBR, IPV, IPS) are given in the Table above. These coefficients are 
based on in situ observations of the inhabitant behaviour (CETE Mbditerranbe). 



IEA-BCS Annex 28 Detailed Design Tools for Low Energy Cooling Night Cooling Chapter H 

5.2. Calculation of the overall air change rate 

The overall air change rate is calculated by adding the air change rate due to window opening to the 
mechanical air change rate due to the conventional mechanical system if there is one (typically providing 
about 0.5 AC/h). If the mechanical ventilation system is designed to provide higher air flow rates to 
improve summer comfort, then the maximum value between it and the one obtained by window opening 
should be adopted. 

16. References 1 
[I] The equation is based on in situ temperature measurements made and used by the CETE 
MBditerranBe. 

[ 7. Algorithm 1 
1. read the Cpr values 
2. read the window characteristics, orientations and noise exposure 
3. calculate the effective areas for the fourth orientations (N.E.S,O) 
4. calculate the air flows for each period (night, early morning, day) 

1 8. Flowchart 

I Stark I 

Read Darameters in file "CPR.DAT" 

h u t  window characteristics 

. 
Caculate eauivalent window area 1 

I Calculate air chanae rate due t o  window o ~ e n i n a  I 

1 Outout air flows for each wr iod fniaht. earlv mornina. davl 
- 
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1 9. Source code (Fortran) 1 

PROGRAM NAlVfres 

REAL DEB(3).DEBVE,DEBTT,VOL 
REAL SEN(3),SEE(3),SES(3).SE0(3) 
REAL CPR-V(4,2,4,4) 

c""' INPUTS 
c VOL Volume of buiding (m3) 
c For each Window 
c AP Surface of Window 
c IOR Orientation (South: 0:; West: 90'; North: 180"; East: 270") 
c ROL Ratio between the maximum free opening area and the window area 
c IBR Exposure to outdoor noise 
c (1: no requirement; 2: 30dB; 3: 35dB; 4: 40dB) 
c IPV Exposure to breaking or entering 
c (1: no risks or non accessible or protected window 
c 2: others) 
c IJN Occupation of the room behind the window 
c (1: sleeping room ; 2: others) 
c IPS Type of solar device 
c (1: permeable device giving a protection against entering when close 
c 2: other permeable devices 
c 3: other device 
c 4: no solar device) 
C 
c"" PARAMETERS 
c CPR(IJN.IBR,IPV.IPS) read file "CPR.DAT" 
C 

c"" OUTPUTS 
c DEB(1) Air Flow due to window openings from 18h to 5h 
c DEB(2) Air Flow due to window openings from 5h to 7h 
c DEB(3) Air Flow due to window openings from 7h to 18h 

c"" Initialisation 
do ih=1,3 
Deb(ih)=O 
sen(ih)=O 
see(ih)=O 
ses(ih)=O 
seo(ih)=O 
end do 

c"" Read CPR values 
open (unit=9,file='CPR.DAT'.status='unknown') 
DO IBR=1,4 

DO IJN=1.2 
 READ^,') ((CPR-V(IBR,IJN,IPS,IPH),IPH=I .~) , IPs=~ ,4) 
END DO 

END DO 
close(9) 
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c"" Read Windows characteristics, orientation and noise exposure 

Write('.') 'VOL' 
READ (',') VOL 
Write(',') 'AP,IOR.ROL,IBR.IPV.IJN.IPS' 

c"" calculation of equivalent surfaces for ventilation 
DO IPH=1,3 
IPHV=IPH+I 
IF(IPV.EQ.l.AND.IPH.EQ.1) IPHV=I 
SE=AP'ROLCPR-V(IBR,IJN,IPS,IPHV) 
IF ((IOR.GE.135).AND.(IOR.LT.225)) SEN(IPH)=SEN(IPH)+SE 
IF ((IOR.GE.225).AND.(IOR.LT.315)) SEE(IPH)=SEE(IPH)+SE 
IF ((IOR.GE.315).OR.(IOR.LT.45)) SES(IPH)=SES(IPH)+SE 
IF ((IOR.GE.45).AND.(IOR.LT.135)) SEO(IPH)=SEO(IPH)+SE 
END DO 

c"" calculation of air change rate due to windows openings 
c IPH=I from 18h to 5h 
c IPH=2 from 5h to 7h 
c IPH=3 from 7h to 18h 

DO IPH=I ,3 
DEBTT=SEN(IPH)+SEE(IPH)+SES(IPH)+SEO(IPH) 
DEBVE=3.(SEN(lPH)'(SEE(IPH)+SES(IPH)+SEO(lPH)) 

1 +SEE(IPH)'(SES(IPH)+SEO(IPH))+SES(IPH)'SEO(IPH))"0.5 
DEB(IPH)=IOO'(DEBTT+DEBVE)NOL 
END DO 

30 CONTINUE 

40 CONTINUE 

WRITE(',*) 'AIR CHANGE RATE FOR THE WINDOWS OPENINGS (vollh) :' 
WRITE('.*) 'Solar time ->' 
WRITE(',2000) 'from 18h to 5h :',DEB(l) 
WRITE(',2000) 'from 5h to 7h :'.DEB(2) 
WRITE(',2000) 'from 7h to 18h :',DEB(3) 

END 

Note: the executable version given on the disket must be run under DOS directly to 
obtain the screen displayed results 
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1 10. Sample results 

Sample results are given below for a dwelling (200 m3) with window areas of 6 mZ for the bedroom and 8 
m2 for the other rooms. Results are given with and without cross ventilation for IBR 1 to 3 and for cases 
without safety risks (IPS1 and 2 are not separated). 

air chanae rate oer hour due to window ooeninq 

- 

permeable 
1 /3:  is0135 dB 

! -- 

with cross ventilation (bedroom west, other rooms east) 
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-- 

j air chanae rate Der hour due to window oDening I iwindow Aie 1 8 1 Ane 1 6 bwellinq volume 1 200 1 
areas Aio I 0 1 Ano 1 0 

i 

without cross ventilation (all rooms east) 

j window effective area jnoise exposure(lBR) I jsolar p r o ~  (IPS) 
1 ~ j e  : no s,eeping. East 1 1  : not exposed 11and2:  
l ~ j o  : no sleeping. West I 12: isol. 30 dB 1 !P ermeable 
i ~ n e  : sleeping. East J 13: is01 35 d~ I / 3: not permable 
[Ano : sleeping. West -- 14: without 
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1 1. Technology Area 1 
Model for calculation and simulation of a ground coupled seasonal storage cooling system 

12. Developed by 

Name: DWA Consultants J.J. Buitenhuis 

Contact and editor: Roel Consultants H.C.Roel 

Phone: 0031 30 687 59 69 

Fax: 0031 30 687 59 70 

E-mail: hcroel@.ws.nl 

1 3. General descri~tion 

The technology is based on the storage of cold and/or heat over a long period (ie seasons) in soil 
aquifers. Cold water produced in wintertime by exposing to cold air can be stored until far into the 
summer. 

The basis of the model described is an air conditioning system with constant ventilation rate. It is 
also possible to use the stored water for other processes and purposes. The stored cold can be 
used as a standalone source of cold energy, or in combination with cooling machines and cooling 
towers. 

The model analyses the storage process. Transport energy has been included in the calculation. 
The store loading and unloading volume flow rates depend on the soil conditions. The calculation 
starts with experiential values depending on soil system and pump installation. The soil 
wmposition into aquifer and blocking layers (on top and bottom) are put in as default values (refer 
to table). The temperatures in the air handling unit (or other process) determine the return 
temperature to the warm well and are ignored further in this model. (NB This would obviously be 
important in case of a two well-installation where the warm water is to be used in the winter, eg for 
preheating or as a source for a heat pump). 

One of the following may be used for loading the wld-well during the winter: 

. The coil of the air handling unit during periods when it is not in use for ventilation purposes. . A cooling tower connected into the cold water circuit. 
By open water when the temperature is low enough. 
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Derign condims 

Sdl temperature 

Input ____, Am Enagy savings 

Effechness ___, Output 

Minimum and 

wEil capacity 

Parameters 
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1 4. Mathematical description 

The following equations are used to calculate the well parameters, the pump head, efficiency of cold 
water storage and open cooling tower performance. 

Experimental formulas for calculating well diameters and separation 

Q max Dwell = 
1 . 5 * X * D a q  

Where: 
Dd,= diarneter.of the well (m) 
Q,= maximum well capacity. (m3W 
DW = thickness of aquifer- layer (m) 

1.5 is  a default value for water velocity on filter surface in mlh. 

The distance between two wells must be at least: 

Where: 
L = distance between wells 
E = porosily ofthe aquifer 
V,= water volume per season 

Calculation of pump head 

The pump head needs to take account of the changing goundwater level due to defiltration or infiltration. 
The level change can be determined by the following experimental equations: 

Where: 
K = permeability of the aquifer @/day) 

The total well pump pressure will be given by: 
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Where: 
dH, = total pressure of the pump in meters water gauge fmwd 
dH, = dfference between ground water level of the aquifer and zerc-level 
dH,, = pressure loss into the aquifer between the wells 

The factor 2 is a safety margin for filthiness of wells etc. 

Efficiency factor of the coldwater storage 

This efficiency factor can be determined by: 

I Q our (t (Tref - Tour * Cdt 
7Jsto = - - -- 

I Q in (t ) ( ~ r e /  - T i n j  (t )) * ~ d t  

Where: 
Qi, Q,= capacity of infiltration and defiltration (m3/s) 
T ; ,  Tw= mean temp.of stored and rejected water. f"cl 
Tmf = reference temp.mostly mean temp into the warn well (OC) 
P 

- - specific mass of water 
- - fkg/m3) 

C specfic heat factor (JfigK) 

Open cooling tower 

In the case of loading the cold well by use of an open cooling tower we can model the ideal cooling tower 
as: 

Where: 
Q ,  w. - - water and air volumes (m3/s) 

f i .  Pa 
- - specfic mass of water and air - - W m 3 )  

CW specific heat of water - - fJ/kgK) 
TG. Tw supply and return temp.of water . ( C )  
Ha,, H, - - supply and return enthalpy of air f JW 

In practice, the cooling tower will require an over-measure of air through the tower. The cooling tower 
efficiency is given by: 

T w i  - T w o  
'l= 

T w i  - T w b  
Where: 

'I 
- - Cooling tower efliciency 
- T d  - Wet bulb temp. 
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1 5. Flow chart 
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1 6. References 1 
1. Underground Thermal Storage. 

State of the art 1994 
ISBN 90-802769-1-x 
G.Bakama,A.L. Snijders IF ~echnolog;~rnhem The Netherlands 
B.Nordell Lulea University of Technology 

2. PIA 12 Model for Design and simulation of cooling systems with seasonal cold storage. 
(Dutch) DWA Consultants. Bodegraven. The Netherlands 

3. Seasonal Thermal Storage in North West Europe 
Report for EC DG XVll Therrnie B-program DIS-0463-95-NL 
Coordinator Grontmij De Bilt The Netherlands 

4. A lot of brochures in Dutch, edited by The Netherlands Agency for Energy and the Environment. 
(NOVEM) 
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( 7 Sample results 

Project information 

Name of the project : KPN office 
Adress 
City : Amersfwrt 
phone 
Subject : Seasonal Cold Storage 
Project ID 
Date : 15 January 1997 

Calculation PIA 12 model 

Ventilation 

Number of air handling units 
Capacity per unit 
Percentage recirculation (max.) 
Fan Dower 

Cooling 

Temp. R.H. Cooling load by design cond. 

Outside Cond. 28.0 "C 60% Room Cond. 24.0 'C 50 Yo 

I relation fruh air temp and air temp behind the cooler 

I fresh air temp 

Space sensible cooling load 
Requirement for secondary (mechanical) cooling 

Operation hours 

Sunday none 
Monday-Friday 08.00-18.00 h 
Saturday none 
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Estimated cooling load 

Maximum Cooling 
Capacily 

Secondary cooling 0 1 
KW - 

Cooling load 
Year 
M W ~  

Soil data 

Cooling with AHU I 1160 1 145 I 125 1 540 

Appslprocesses 

Total 

Full load hours 

Heat conductivity factor W1rn.K 

Heat capacity M J / ~ ~ . K  

Operating 
h o u n  

0 
1160 

I Aquifer I Blocking Layers 

Horizontal Permeability m/day 

Porosity m3/m3 

Thickness in meters 

Natural soil temperature 12 OC 
Water level of the aquifer against zero level 0 meters wg 

0 
145 

Energy prices 

60 

Electricity day tariff: 
Electricity night tariff 

0 
125 

20 

Night tariff hours: 

0 
540 

Sunday 
MondaylFriday 
Saturday 

System overview 

AHU cooler 

Storage capacity 

24 hours 
23-06 hours 
24 hours 

Maximum capacity 1216 kW 
Water volume 149 m3/h 
Temperature range 13-20 OC 

Maximum capacity 1814 kW 
Water volume 149 m3/h 
Temperature range 6-16.5 'C 
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Storage installation 

Storage cooling capacity 

Average injection temperature 
Cut off temperature 
Maximum storage cooling capacity at: 

Cold storage temperature 6.0 "C 
Cold storage temperature 11.0 "C 

Estimated volume of ground water withdrawn 
Distance between wells 
Estimated storage efficiency in first cycle 
( a l l m c e  for capaci* Ims in first loading, mainly due 
to the ka capkay of the aquifer mamd) 
Estimated storage efficiency in balance 

Maximum well capacity 
Minimum well capacity 

Maximum water velocity on well surface 

Pressure loss between the wells: 
- during unloading at maximum capacity 
-during loading at maximum capacity 

Efficiency of ground water pumps 

Number of wells 
Hole diameter 

Well pump at maximum capacity: 

- Total pressure loss 
- Electrical Dower 

145 MWh 

Cold well 

6.0 "C 
11.0 "C 

1814 kW 
950 kW 
15641 m3 
35 m 
88 % 

100 % 

Unloading 

149 m3/h 
28 m3/h 

1.5 m/h 

150 kPa 
150 kPa 

50 % 

Cold well 
1 
0.53 m 

201 kPa 
16.6 kW 

100 % 

Warm well 

16.5 "C 

Loading 

149 m3/h 
28 m3m 

Warm well 
1 
0.53 m 

201 kPa 
16.6 kW 
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Cooling coil 

Air temperature 
Relative humidity 
Enthalpy 
Water temperature 

Volume 

Velocity 
Pressure loss 
Transported capacity 

Medium 
Condensation ? 

Manufacturer 
TY pe 

Fin thickness 
Fin pitch 
Horizontal tube pitch 
Vertical tube pitch 
Tube inside diameter 
Tube outside diameter 

Cooler sizes(h'b.1) 
Number of tube rows 

Air side surface 

Front side 

Air side 

89000 m3/h 

2.2 mls 
120 Pa 

Water 
Yes 

A 
type 3 

Back side 

Water side 

74.7 m3/h 

1.0 mls 
39 kPa 

Chilled water control 

During the whole fresh air temp range 16 OC - 29 OC the chilled water temp will be constant 13 OC 

Control water volume 2-way valve 
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Heat exchanger loadinglunloading cold storage 

Film coefficient heat transfer 
Heat transfer surface 

water volume 
entry temperature 
discharge temperature 
pressure drop 
medium 

transported capacity 
ka-value 
average temperature diff 
temperature efficiency 

Operation 

Opemting hours for loading cold: 

Sunday 
MondayIFriday 
Saturday 

none 
8-18 h 
none 

Primary Secondary 
(wells) (building 
149 m3/h 149 m3/h 
11.0 OC 20.0 OC 
18.0 OC 13.0 OC 
50 kPa 50 kPa 
Water Water 

Freeze control: 

M~n~mum outstde temperature -30 0 OC 
M~n~mum ~n~ect~on tem~erature 0 5°C 
Minimum cooler entrance temp -30.0 O C  

When loading and unloading can occur at the same time loading has priority. 

There is no requirement for a switch buffer for unloading of the storage installation. 
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1 8 Results of the simulation 

Start date 01-10 
Last date 30-09 

Simulation year 1 o f 3  

Seasons Winter 1964-1965 (100%) 
Summer1964 (lOOO/.) 

Cooling load WWhl : 

Total Air handling unit 
AHU 

Secondary 1 AppslProcesses 

Jun 

Aug 
Se 

Total 

Cooling production [MWh] 

Mechanical 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Total prod 

0 
0 
0 
0 
0 
0 
2 
17 
44 
51 
38 
17 

Free Cooling I Storage 

oct 
Nov 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
S ~ P  

Total 
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Storage Installation 

Stored cooling (when possible) : Maximum 

Loading Unloading 

Water quantity 
Energy quantity 
Number of hours 
Average injection temperature 
Average rejection temperature 

Well temperature at 30-09 

Cut off temperature reached at 28-08 

Electrical energy 

Cold well 
Warn1 well 

29698 m3 20292 m3 
206 MWh 169 MWh 
515 h 578 h 
6.0 OC 16.5 'C 
12.O0C 9.3 'C 

Loading storage 

Cooler 
Well pumps 
Circulation pumps 
Subtotal 

Cooling Production 

Power 
kwh 
0 

1127 
269 
1397 

Free cooling 1 0 I 0 1 0 

Circulation pumps 
Subtotal 

Total 

0 

D ~ Y  
In MI 
0 

169 
40 
209 

169 
766 

2163 

Night 
In Dfl 
0 
0 
0 
0 

25 
115 

324 

Total 
In MI 
0 

169 
40 
209 

0 
0 

0 

25 
115 

324 
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Simulation year Z o f 3  

Seasons 

Cooling load [MWhi : 

1 Total 1 169 

Oct 
Nov 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 

Cooling production [MWh] 

Air handling unit 
AHU 

0 
0 
0 
0 
0 
2 
17 
44 
51 
38 
17 

Jun 

1 Total 

Free Cooling 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Winter 1964-1 965 (100%) 
Summer1964 (1 00%) 

Storage 

0 
0 
0 
0 
0 
0 
2 
17 
44 
51 
38 
17 

Start date 01-10 
Last date 30-09 

Secondary 

Mechanical 1 Total prod 

Total 

0 
0 
0 
0 
0 
0 
2 
17 
44 
51 
38 
17 

169 

Shortfall 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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Storage Installation 

Stored cooling (when possible) : 
Stored cold i n  the year before with correction for efficiency 9% 
Extra security 5% 

(Correction factors for preanditioning phase in a decreasing series) 

This quantity has been reached at 06 April 
Loading Unloading 

Water quantity 
Energy quantity 
Number of hours 
Average injection temperature 
Average rejection temperature 

Well temperature at 30-09 

23233m3 20385m3 
206 MWh 169 MWh 
456 h 578 h 
6.0 OC 16.5 OC 
13.7 OC 9.4 'C 

Cold well 11.6°C 
Warm %I1 14.1 OC 

Cut off temperature reached at 27-08 

Electrical energy 

Cooling Production 
Free coolina I 0 I 0 I 0 I 0 

Loading storage 

Cooler 
Well pumps 
Circulation pumps 
Subtotal 

Power 
k w h  

0 
751 
155 
906 

Storage installation 
Mechanical cooling 
Circulation pumps 
Subtotal 

I I 

Day 
In M1 

0 
113 
23 
136 

606 
0 

169 
775 

Total 1681 252 

Night 
In M1 

0 
0 
0 
0 

91 
0 
25 
116 

Total 
In Dfl 

0 
113 
23 
136 

0 
0 
0 
0 

91 
0 

25 
116 
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Simulation year 3 o f 3  

Seasons 

Start date 01-10 
Last date 30-09 

Winter 1964-1 965 (100%) 
Summer1964 (1 00%) 

Cooling load V W h l  : 

Air handling unit 
AHU 

Secondary AppslProcesses Total 

Jun 

Aug 

/ Total 

Cooling production WWh] 

Free Cooling I Storage Shortfall 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Mechanical I Total prod 

Oct 
Nov 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
S ~ P  

Total 
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Storage Installation 

Stored cooling (if possible) : 
Stored cold i n  the year before with correction for efficiency 5% 
Extra security 5% 
(Correction factors for pre-conditioning phase in a decreasing series) 

This situation has been reached at 04 April 
Loading unloading 

Water quantity 
Energy quantity 
Number of hours 
Average injection temperature 
Average rejection temperature 

Well temperature at 30-09 Cold well 
Warm well 

22394 m3 20477 m3 
200 MWh 169 MWh 
437 h 578 h 
6.0 'C 16.5 OC 
13.7 OC 9.3 OC 

Cut off temperature reached at 24-08 

Electrical energy 

Loading storage 
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[ I. Technology area 

Widerstands-Kapazitaten-Modell (WKM-LTe, resistance capacity model) is a calculation 
model for the simulation of air-earth heat exchangers. The model is based on the analogy of 
heat and electricity. 

Developed by : Huber Energietechnik , CH-8032 Zurich (huber@igjzh.com) 

Contact name : Mark Zimmermann 

Organisation : EMPA, Swiss Federal Laboratories for Materials Testing and Research 

Address Ueberlandstrasse 129, CH-8600 Duebendorf 

Fax 0041 1 821 62 44 

E-mail mark.zimmermann@empa.ch 
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1 3. General description 

The WKM-LTe simulates the performance of an underground piping system. The outlet temperature 
is determined as a function of the inlet temperature. The mathematical analogy of heat and electricity 
allows to use an electrical circuit as model for the thermal behaviour of the ground. Heat capacity 
corresponds to electrical capacity and heat transfer resistance corresponds to electrical resistance. 

dr 
(radial step n) 

I 

air inlet 

dl (axial step h) 
Figure 1: An electrical circuit consisting of capacities and resistors is used as model for an air-earth 
heat exchanger 

To simplify the model the following assumptions are made: . Heat conductivity of the ground in axial direction is neglected 

Heat capacity of air flowing in the piping system is also neglected 

The circuit shown in figure 1 represents a single pipe. This is used as the basis for an underground 
piping system. The pipe is surrounded symmetrically in the radial direction by sol. It is useful to split 
the soil into several layers with different properties. In axial direction the geometry is divided into short 
sections (dl). Each section is represented by a branch of the electrical circuit. The thermal properties 
of each layer are described by a resistance and a capacity. 

In addition the electrical branches are considered as discrete sticks. This geometry allows the use of 
the onedimensional heat equation in unsteady state. The WKM-LTe solves this equation by using the 
numerical implicit Crank-Nicolson method. 



I 

I 
discreted stick model of an I dl 
to solve the heat transfer 

underground piping system 
7 - equitation 

electrical network 
Figure 2: Two steps t o  get the calculation model: 

I. A short section of a pipe surrounded by soil is represented by branch of an electrical circuit. 
2. The branch is considered as a (one-dimensional) discreted stick. In the basic model the properties 
of each layer are used all around the pipe. Only one outer boundary condition can be considered. This 
doesn't agree exactly with the real conditions. Therefore the circumference is divided into three 
segments. Each of the three segments may have its own boundary conditions. Through this 
improvement different influences can be considered. 

Usually different boundary conditions are set to model the influence from the ground, the top 
(influence of the basement of a building), and the side (adiabatic, if there are parallel pipes). 

influences from the ground 

a 
influences from the top influences from the sides 

Figure 3: Dividing the circumference into segments to consider more than one outer boundary 
condition. The dividing does not correspond to the real geometrical conditions. I t  serves only to 
consider different influences. 



To determine the resulting influence on the air in the pipe three independent branches have to be 
calculated and superimposed. 
Therefore the arithmetical demands grow by approximately a factor of 3. 

The size of the segments and with it the influence of the corresponding boundary condition has to be 
determined separately. 

The inlet air temperature corresponds to the outside temperature. This temperature is the starting 
value for the first section of the pipe. The outlet air temperature of a section is passed to the next 
section as inlet air temperature. The outlet air temperature of the last pipe section is the outlet air 
temperature of the piping system. 

The WKM-LTe is designed to work with hourly temperature values. Once an hour the calculation is 
made simultaneously for the whole piping system. 
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/ 4. Nomenclature 1 

A 
C 

C cevryl* 

c m  

CP 

C ."la 

D 
dl 
dl 

f 
F 
L 
Nu 
Pr 

Q 
R 
r 
Re 
T 
I 

To 
Te 
Tm 
To 
X 

a 

a ,", 
2 

Po,, 

V m r  

P 

p mnh 

P,, 

+'."la 

indices 
i 

j 
k 
If' 
a 
0 

matrix 
heat capacity 
specific heat capacity of earth 
specific heat capacity of air 
specific heat capacity 
specific heat capacity of the pipe 
diameter 
length of a pipe-section 
time step 
grid factor 
matrix 
heat conductance ( = 1/R) 
Nusselt number 
PrandN number 
heat flux 
heat resistance 
radius 
Reynolds number 
temperature 
time 
time period 
ground temperature 
average temperature 
temperature amplitude 
x-coordinate 

heat transfer coefficient 
heat transfer coefficient (earth surface) 
heat conductivitv 
dynamic viscosity of air 

kinematic viscosity of air 

density 
density of earth 

density of air 

density of pipe material 

axial direction 
radial direction 
time step 
wall 
inlet 
outlet 

JIK 
Jlkg K 
J/kg K 
Jkg K 
Jkg K 

m 
m 
s 

W/K 

W 
w 
m 

"C 
s 
s 
"C 
"C 
"C 
m 

w / ~ ' K  
w / m 2 ~  

W/m K 
kglm s 
mZ/s 

kq/m3 
kg/m3 

kg/m3 

kg/m3 
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1 5. Mathematical descri~tion 

The calculation consists of a radial and an axial part. The radial part determines the radial temperature 
field by solving the onedimensional heat equation for each layer. The axial step determines the heat 
transport by the air in the pipe. 

5.1 Heat transport 

There are hv~ different kind of heat transport: 

Enforced convective heat transport of the air 

Molecular heat conduction in the ground 

Also important is also the heat transfer from the air to the wall of the pipe. Turbulent flow conditions 
are assumed, which are described by the following expression for the Nusselt number: 

The heat transfer coefficient can be calculated from this: 

5.2 Radial direction 

In radial direction the one-dimensional heat equation or Fourier equation has to be solved. 

3 a'T -- - a -  
2 

with T = T(t, x) and a =- 
2 t  2 x 2  PC,  

As an implicit equation of differences it is written as: 



Index k belongs to the time coordinate and index j to the radial coordinate. C is the capacity which is 
described below. L is the conductance, the reciprocal of resistance: 

1 Q L=-=-- 
R A'T 

5.3 Definition of capacities and resistors 

Figure 3: Overview of the naming of a pipe section 

Heat capacities are defined for the pipe wall and for all layers of the surrounding ground. The heat 
capacity of the air is ignored. 

Capacity of the pipe wall: 

Capacity of the ground (depending on the distance): 

A heat resistance for the fiowing air in axial direction is  defined: 
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r a,,, r, 

1 1 rz3 R3 =--- III - 
2 d l  A h  r., 

R, = 4 or at a surface: 

5.4 Arithmetical grid 

The grid in radial direction is variable. It is defined by the grid factor f: 

~ J + I  - rJ 
grid factor f = - 

rJ -rJ-l 
(10) 

A grid factor of 2 doubles the difference of the radiuses of two neighbouring calculation volumes. The 
simulation area is defined by pre-setting a maximum radius. The grid is then given by the following 
expression: 

r, = inner radius o f  the pipe 

r, = outer radius o f  the pipe 

rm = maximum radius 

J > 2: rJ = r,., + (rm - r,) 

Each layer around the pipe corresponds to an arithmetical node, which is described by a heat 
equation (4). All equations for a pipe section segment are put together in matrices (example with 3 
arithmetical nodes, see also figure 3): 
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or symbolically: 

To find the new temperature field the Matrix A has to be inverted: 

This is the description of the temperature field for the pipe section i at the time k+l. Now the ail 
temperature (TO) then has to be passed from section i to section i + l  

In the program the two steps are not performed together for each segment. The air temperature is 
calculated first for all the sections, then the radial calculations for all the sections, and so on. 

5.5 Axial heat transport 

In axial direction heat is transferred only by the flowing air. The axial heat transport in the ground is 
ignored. Because the heat capacity of the air is ignored a steady statement for the axial heat transport 
can be used. It is based on an energy balance for a section of the pipe. 

i ;  b+ 
air \ 

Ll R1 

balance area 

Figure 4: Balance area to determine the axial heat transpod 

5.6 Starting condition 

At the beginning of the simulation the temperature in the whole area is set to earth temperature. To 
warm up the system three months preconditioning is used prior to the actual calculation. 

For each electrical branch (or discreted stick) an inner and an outer boundary condition have to be 
defined. There are several possibilities: 

10 
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5.7 Boundary conditions 

Inner boundary condition: 

1. The ventilation is running. Heat transfer coefficient a > 0 

2. The ventilation is not operating. Heat transfer coefficient is set to a = 0 

Outer boundary condition: 

1. The temperature outside of the simulation area is the temperature of the undistu*ed ground 
depending on the depth (share of ground) 

2. The influences of a building may be considered by a constant temperature (corresponding to 
the average temperature of the basement) as boundary condition (share of basement) 

3. Adiabatic case, the last heat conductance of an electrical branch is set Ln = 0 (adiabatic 

share) 
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1 7. Source code 

Program WKM-LTe; 

Uses crt; 

Const dim = 6 ;  I* number of nodes/grid 

def-rho-air = 1.2; 

def-rho-pipe = 2000; 

def-rho-earth = 1400; 

def-nu-air = 1.45E-5; 

def_D = 0.1922; i* m , tube diameter 

grid-factor = 2; i* - 

def-inputfile = 'input.txt'; 
def-outputfile = 'output.txtt; 
def-Ventilationservice = 'service.txt'; 
def-ventdat = 'N'. i' running time of system 

Hourlyvalues = array[0..24,0..31] of real; 
vector = array[O..dim+ll of real; 
matrix = array[O..dim+l,O..dim+l] of real; 



JEA-BCS Annex 28 Detailed Desian Tools of Low Enerav Coolina Ground Coolina Air ChaDter J 

Var T, Tadiabat,Tbasement, E, Ead,H,Had : matrix; 
Lrun.Lstop. Lrunad.Lstopad.C.r, r, rz : vector; 
AirTemp, SyStemOUtTemP, 
VentDat : HourlyValues; 
dl,Tin,AverageTemp, 
InTem~.GroUndTemp,InTempOld,OutTemp, 
OutTemvOld, CD air. co ~ i D e ,  cv earth, rho air, 
~ ~ .- . .- . - 
rho_@pe, rho-earth, nu-air, lambda-air, 
DepthPenetration,D,PipeLengthhPipeWa11Thickness,v, 
LambdaPipe,LambdaEarth,VolFlouRate, 
depth,~e.irl~~verage, kl, k2, k3, 
ServiceTime,TempBasement, 
ShareAdiabat,ShareBasement,ShareGround : real; 
i,j,hour,month,day,NumberPipes : integer; 
WarmUp,~perating,VentService : boolean; 
inputfile,outputfilees,fi1ename2 : string; 
M~nthlyAverageGround,MonthlyAverage : array10. .l2] of real; 

Function BeginningMonthlMonth : integer1:integer; 
Itrelates the yearly day number to the first day of a month*) 

var i: integer; 
begin 

case Month of 1 : i:= 0; 
2 : i:= 31; 
3 : i:= 59; 
4 : i:= 90; 
5 : i:= 120; 

9 : i:= 243; 
10 : i:= 273; 
11 : i:= 304; 
12 : i:= 334; end; 

BeginningMonth:=1+24'i: 
end; 

Function LengthMonthlMonth : integer1:integer; 
(*relates the number of days to each month+) 

var i: integer; 
begin 

case Month of 1 : i:= 31; 
2 : i:= 28; 
3 : i:= 31; 
4 : i:= 30; 
5 : i:= 31; 
6 : i:= 30; 
7 : i:= 31; 
8 : i:= 31; 
9 : i:= 30; 
10 : i:= 31; 
11 : i:= 30; 
12 : i:= 31; end; 

LengthMonth:=i; 
end; 

Procedure ReadText iu : string1 ; (*reads a text file and shows 
var f : text; (*it on the screen 

ch : char; 
begin 

clrscr; 
assign(f, u ) ;  
resetlf); 
if IORESULT 0 0 then begin 
writeln; 
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writeln ('File ',u,' not found. , ) ;  

writeln ('Copy file ',u,' to current directory !'I; 
writeln; 
halt (1) ; 

end else begin 
while not eoflf) do begin 

read(f,ch) ; 
write(ch1 ; 

end; 
Close (f) ; 

end; 
end; 

Function Variable ( x ,  y : byte; (*reads a variable or takes a 
default,Vamin,VarMax : real 1 : real; (*default value 1 

var value : real; 
s : String; 
i : integer; 

begin 
if (default<VarMin) or (default>VarMax) then begin 
Variable:=default; 
gotoxy (x, Y) ; 
writeln('0ut of pre-set range ' ) ;  

readln; 
end else begin 

value:=Default; 
repeat 
g0toxyix.Y~; 
write(value:5:5) ; 
write i ' ' ) ;  

gotoxy~x+l0,~) ; 
readln 1.9) ; 
if s<>" then val(s,value,i) 
Until (value>=VarMin) and ivalue<=VarMax); 

gotoxy (x. Y) ; 
Highvideo; 
write(value:5:2); 
Normvideo; 
write ( ' ' 1 ;  
Variable:=value; 

end; 
end; 

Function VarInteger( x,y : byte; (*reads a integer variable or') 
default,Varmin,VarMaX : integer ) : integer; (*takes a default value ) 
var value : integer; 

s : string; 
i : integer; 

begin 
if (default<VarMin) or (default>VarMax) then begin 
VarInteger:=default; 
gotoxy (X, y1; 
writeln ( 'Out of pre-set range' 1 ; 
readln; 

end else begin 
value:=default; 
repeat 
gOtoXY(X,Y) ; 
write (value: 5) ; 
write ( ' I ) ;  

gotoxy (x+lO, y1; 
readln (sl : 
if s<>" then val(s,value,i) 

until (value>-VarMin) and (value<=VarMax); 
gotoxy (X, y1; 
HighVideo; 
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writelvalue:51; 
NormVideo; 
write i ' 'I; 
VarInteger:=value; 

end; 
end; 

Function VarString x,y : byte; ('reads a string or takes *I 
default,s1,52,s3,s4 : string ) : string; ( * a  default string +I  
var value : string; 

5 : string; 
i : integer; 

begin 
if not ((sl='-'I or (default=sl) or (default=sZ) or (default=s3) 

or (default=s4)) then begin 
VarString:=default; 
gOtOXY(X.Y) ; 
writeln('0ut of pre-set range'); 
readln; 

end else begin 
value:=Default; 
repeat 
gotoxylx. Yl; 
write (value) ; 
write ( ' ' ) ;  

gotoxy (x+l0, y )  ; 
readlnlsl ; 
if s<>" then value:=$; 

until ((value=sl) or (value=sZI or (value=s3) or (value=s4) or (sl='-'I); 
gotoxY(x.yl; 
Highvideo; 
write (value) ; 
NormVideo; 
write ' 1 ;  
VarString:=value; 

end; 
end; 

Procedure Neulfilename,inputfile : strinql; 
var f : text; 
begin 
assign(f,filenamel ; 
rewrite (f); 
close if 1 ; 
end; 

Procedure Input 
+I  

var ~ t r  : string; 
next : boolean; 

begin 
ReadText('lerle.txt'1; 
readln; 

( '  prepares an outputfile 'I 

I* provides the data input 

Repeat begin 
ReadText('ler2e-1.txt'): 
CD air := Variable(40.3,def cp air,1,50001; . - - - -  
~ ~ - p i p e  :=  Variable (40.4,def-cp-pipe, 1,5000) ; 
cp-earth := Variablel40,5,def_cp-earth,l,50001; 
rho-air := Variable(40,6,def-rho_air,0.001,10); 
rho-pipe := Variable(40,7,def-rho-pipe, 0.001.10000); 
rho-earth := Variable(40,8,def-rho-earth,0.001,10000); 
nu-air := Variable(40,9,def-nu_air,0.000001,10); 
lambda air := Variable140.10,def lambda air.0.00001.101; 
~ambdaPlpe := Variable140,11,def~ambda~ipe,0.l,5l; 
LambdaEarth :=  Varlable(40, 12.def_LambdaEarthr0.5, 5) ; 



JEA-BCS Annex 28 Detailed Desian Tools of Low Enerav Cwlinq Ground Coolina Air Chanter J 

D := Variable(40,13,def~D,0.001,10); 
PipeLength := Variable(40,14,def-PipeLength,l, 200); 
PipeWallThickness:= Variable(40,15,def~PipeWallThickness,0.0001,0.05~; 
Numberpipes := VarInteger~40,16,def~NumberPipes,l,1000); 
VolFlowRate := Variable (40.17. def-VolumeElowRate, 1,1000000) ; 
v := VolFlowRate/3600/pi/sqr(D)+4/NumberPipes; 

gotox~(40.1); write(v:l:l); 
depth := Variable(40,19,def-depth,0,20~; 
Depthpenetration := Variable(40,20,def~DepthPenetrationnO.Ol,1O); 
str := VarString(44,22.'N'.'y','Y','N'.'n'); 

if ((str='n') or (str='N')) then next:=true else next:=false; 
end until next; 

Repeat begin 
ReadText('ler2e-2.txtt); 
ShareAdiabat := Variable(40.3,def-ShareAdabatic, 0,l) ; 
ShareEasement := Variable(40,4,def-ShareBasement,O,l-ShareAdiabat~; 
ShareGround := 1 - ShareAdiabat - ShareBasement; 

if ShareBasement > 0 then 
TempBasement := variable(40.5,def-TempBasement,-10,30); 
Inputfile := VarString(40,6,def-inputfile, ' - ' ,  ' - ' ,  ' - ' ,  ' - ' ) ;  
Outputfile := VarString(40.7,def-outputfile, I - ' ,  I - '  , , - '  , , - ' ) ;  
Ventservice := false; 
str := VarString(44,8,def-ventdat,'y','Y'.'nr,'N'); 

if I(str='yr) or (str='Y')) then VentService:=true else 
VentService:=false; 

if Ventservice then 
filename2:=VarString(40,9,def~VentilationServi~e,'-~,'-','-','-'); 
str := VarString(44,11, 'N', 'y', ' Y ' ,  'N', 'n'); 

if ((str=?n') or lstr='N')) then next:=true else next:=false; 
end until next; 

end; 

Procedure Output(fi1ename:string; month:integer; ('writes the inlet and * I  
TempIn,TempOut:HourlyValues); ('outlet air temperature '1 

var f,f2 : text: ('to "output.txtm file 
+ /  

i , ,  k : integer; 
s : string; 

begin 
assign(f, filename); append(f) ; 
for i:=l to LengthMonth(m0nth) do 
for j:=1 to 24 do beqin 

writeln(f1; 
end; 

close(f); 
end; 

Function expo (a,b : real) : real; (' aAb : real 
+ ) 
begin 

expo:=exp (b'ln (abs (a))) ; 
end; 

Procedure multiply (M:matrix; w:vector; var y:matrix; k: integer); 
I' (Y) = [MI x (w) 

I 
va r 

i, j : integer; 
begin 

for i:=O to dim+l do begin 
y[k,i]:=O; 
for j:=O to dim+l do y[k,i]:=ylk,i] + MIi,jl * uljl; 

end; 
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endi 

Procedure multiMatrix (var Ainv, F,E : matrix) ; 
* I  
var 

i,i, k : inteqer; . - .  
begin 

for k:=O to dimtl do begin 
for i:=O to dimtl do beqin 
E[k,il :=O; 
for j:=O to dim+l do E[k,i]:=E[k,il + Ainv[k,jl * F[j,il; 

endi 
end; 

end; 

Procedure Invert (A : matrix; var Ain : matrix); 
I 
var 

pivot : real; 
i, j ,  : integer; 

( '  E = Ainv x F 

( +  Ainv = 1 / ~  

begin 
for i:=O to dim+l do for j:=O to dim+l do Ain[i,jl:=A[i,jl; 
for a:=O to dimtl do beain 

pivot:=Ain[g,gl ; 
for j :=0 to dimtl do Ainlg, jl :=Ain[g, j] (-1) / pivot; 
for i:=O to dim+l do begin 

for j:=O to dimtl do 
if (iog) and (jog] then Ain[i, jl:=Ain[g,jl'Ain[i,gl+Ain[i,jl; 

Ain[i,gl := Ain[i,gl / pivot; 
end; 
~ i ~ [ g , ~ ]  := 1 / pivot ; 

end; 
end; 

Function Alpha : real; 
* )  
var Re,Pr,Nu : real; 
begin 

Re := v D / nu-air; 
pr := nu-air + rho-air * cp-air / lambda-air; 
NU := 0.021 Sqrt(Pr) * expo(Re.0.8); 
Alpha := Nu + lambda-air / D; 

end; 

( *  heat transfer coefficient 

Procedure DefMatrixA (L,C : vector; dt : real; var A : matrix I; 
var i, j : integer; 
begin 

tor i:=O to dim+l do for j:=O to dimtl do A[i,jl:=O; 
A[O,O] := 1 A[dim+l,dirn+l] := 1; 
for i:=l to dim do begin 
A[i,i] := 2 * Cli] + dt ' L[il + dt + L[i+ll; 
~[i,i-l] := -dt * L[il; 
A[i,i+l] :=  -dt ' L[i+l]; 

end; 
end; 

Procedure DefMatrixF (L,C : vector; dt : real; var F : matrix 1 ;  
var i,j : integer; 
begin 

for i:=O to dim+l do for i:=O to dim+l do F[i.il:=O; ~. 
F[O,Ol := 1; F[dun+l,dim+l] := 1; 
for i:=l to dim do begin 
F[i,il :=  2 * C[i] - dt + L[il - dt + L[i+l]; 
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F[i,i-11 := dt L[i]; 
F[i,i+ll :- dt L[i+l]; 

end; 
end; 

Procedure SetMatrices L dt : real 1; ( +  definition of the matrices 
* 1 
var i, j : integer; 

factor : real; 
A, B,Aad, Bad. F. G, Fad,Gad. 
Ainv, Binv.Ainvad, Binvad : matrix; 
L,Lrun,Lstop,Lrunad,Lstopad : vector; 

begin 
for ir=O to dim+l do for j:=O to dim+l do begin 

TIi,jl := GroundTemp; ('starting 
condition') 

Tadiabat[i,jl := GroundTemp; ('starting 
condition*) 

Tbasement[i,j]:= Tempsasement; ('starting 
condition*) 

end; 
r[O] := D / 2; r[ll := r [O] + PipeWallThickness; 
factor := Depthpenetration + (1-grid-factor) / (1 - expo(grid-factor,dim-111; 
for i:-2 to dim do r[il := r[i-11 + factor'expo(grid-factor,i-21; 
for i:=l to dim do rz[il:= sqrt((sqr(r[il)+sqr(r[i-111)/21; 
L[O] := pi * sqr(r[OlI + v rho-air cp-air; 

('heat transfer resistance in axial 
direction4) 

L[1] :- 1 / (1/2/pi/Alpha/r[OI/dl + 1/2/pi/~ambdaPipe/dl*ln(rz[ll/r[Oll); 
('radial heat transfer 

* 1 
L[2] := 1 / (1/2/pi/dl'(ln(r[l]/rz[1])/LambdaPipe+lnirz[2l/r[1]~/LambdaEarthl~; 
for i:=3 to dim do L[i]:=l/(ln(rzIil/rz[i-1]1/2/pi/LambdaEarth/dlI; 

(+radial heat transfer 
resistance'i 

C[11 := cp-pipe ' rho-pipe pi (sqr(r[l])-sqr(r[O])) * dl; 
1' heat capacity of the tube 

* )  
for i:52 to dim do 
C[il := cp-earth rho-earth + pi s q r r [ i l - s q - I  ' dl: 

I' heat caDacitv of the 
ground') 

for i:=2 to dim do Lrunlil:=L[i]; 
Lrunldim+ll := Lldirnl; 
DefMatrixA(Lrun,C,dt,Al ; 

DefMatrixF(LrUn,C,dt, El ; 
invert (A,Ainvl; 

LstopIll := 0; 

for i:=l to dim do Lstop[il:=L[il; 
Lstop[dim+ll := L(dim1; 
DefMatrixAILstop,C,dt,B) : 

DefMatriXF(LStOp,C,dt,Gl ; 
invert (B,Binvl; 

Multimatrix(Binv,G;H): 

( '  ventilation is running 

i t  A + Tneu = F Talt 

( *  Ainv = 1/A 

1' E = Ainv ' F 

( *  ventilation is out of operation 

I* B Tneu = G Talt 



Lrunadlll := L[lI; ( *  ventilation is running, adiabatic 
* )  

for i:=1 to dim do Lrunad[il:=L[il; 
Lrunad [dim+ll : = 0; 
DefMatrixAiLrunad,C,dt,Aadl; ( +  Aad * Tneu = Cad * Talt 

+ I  
DefMatrixF(Lrunad,C,dt, Fad) ; 
invert (Aad,Ainvad) ; ( *  Ainvad = l/Aad 

+ )  
Multimatrix (Ainvad, Fad, Ead) ; ( *  Ead = Ainvad Fad 

* )  

Lstopadlll := 0; ( *  ventilation is out of operation, adiabatic 
t J  

for i:=l to dim do Lstopad[il:=LIil; 
~ ~ 

Lstopad [dimtll := 0; 
DefMatrixA(Lstopad,C,dt,Badl ; 

DefMatrixk7(LStopad,C,dt,Gad) ; 
invert (Bad, Binvad) ; 

* )  
Multimatrix(Binvad,Gad, Had) ; 

* 1 

1 Bad * Tneu = Gad * Talt 

( *  Binvad = 1/Bad 

I* Had = Binvad Gad 

kl := LIO] / (L[Ol+L[llI; 
k2 := LIll / (L[O]+L[lI); 
operating:=true; ServiceTime:=O; 

end; 

Procedure Calculate ( dt : real; k : integer); ('calculates the ground 
* )  
var i, j : integer; (+temperature field 
/ 

Temp,Tempad,TempBasement : vector; 
begin 

for i:=O to dim+l do Templi] := T[k,il; 
For i:=O to dim+l do Tempad[il := Tadiabat[k,i]; 
for i:=O to dim+l do TempBasementIil := Tbasement[k,il; 
if operating then multiply(E,Temp,T,k) ( T = E '  

Talt*) 
else multiply(H,Temp,T,k); * T = H Tal 

+ )  
if operating then multiplylE,TempBasement,Tbasement,kI 

else multiply(H,TempBasement,Thasement,k); 
if operating then multiply(Ead,Tempad,Tadiabat,k) ( *  

Tadiabat=Ead'Tadalt*) 
else multiply iHad,Tempad,Tadiahat, k) ; i * 

Tadiabat=Had+TadaltY 
end; 

Function OutTemperature( Tin : real 1 :  real; (*performs the axial heat transport*) 
var i,j : integer; 
beain 

~ > 

T[O,O] := Tin; 
for i:=l to dim do begin 
T(i.01 := T[i-1.01 * kl + Tli.11 * k2 ShareGround 

+ Tadiahatli.11 * k2 ShareAdiabat . ~ 

+ Tbasement[i,ll k2 * ShareBasement; 
Tadiabatli.01 := T[i,Ol; 
Tbasement[i,Ol := Tli.01; 

end; 
OutTemperature:=T[dim,Ol ; 

end; 

Procedure ReadInput(inputfi1e: string; month: integer; var AverageTemp:real; 
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var AirTemp: Hourlyvalues I ;  ('reading the temperature data from "input.txtW+i 
var f : text; 

i,j : integer; 
begin 

AverageTemp:=O; 
assign(f,inputfilel ; 
reset if); 
for i:=l to (BeginningMonth(m0nth)-1) do readln(f1; 
for i:=l to ~enqthMonth(m0nthl do beqin 
for j:=l to 24 do begin 

readln (f, AirTemp [j, i] I ; 
AverageTemp := AverageTemp + AirTemplj,i]/24/LengthMonth(monthl; 

end; 
end; 
AverageTemp:=AverageTemp; 
close 1 fl ; 

end; 

Procedure ReadService(filename2: string; var VentDat: Hourlyvalues ) ;  
var f : text; ('reading the ventilation data from 
"service.txtW*) 

i.1 : integer; 
begin 

assianlf. filename21 : 
reset (fl : 
for 1:=1 to (Beg1nnlngMonthimonth)-1) do readln(f) ; 
for i:=l to LenqthMonthlmonthl do beqin 

for j:=l to 24 do begin 
readln(f,VentDat[j,il); 

end; 
end; 
close (fl ; 

end: 

Procedure Undisturbed; ( *  determines the indisturbed ground temperature 'I 
var TempMax,TempMin,AirTempAmp,SqRoot : real; 

time : inteaer; 
begin 

YearlyAverage:=O; TempMax:=-100; TempMin:=100; 
for month:=l to 12 do begin 

ReadInput(inputfile,monthmMonth1yAverage[month],AirTemp~; 
YearlyAverage:=YearlyAverage+MonthlyAverage[month]~LengthMonthimonth)/365; 
if MonthlyAverage[month]>TempMax then TempMax:=MonthlyAverage[month]; 
if MonthlyAverage[month]<TempMin then TempMin:=MonthlyAverage[month]; 
write("'); 

end; 
AirTempAmp := (TempMax-TempMin)/Z; 
SqRoot := sqrtirho-earthtcp-earth*pi/(LambdaEarth~365*Z4+3600ll; 
For month:=l to 12 do beain - - ~ -~ ~. 

rrmc : =  BcqlnnlngKonrh.monrhl-1 drv 24 7 LenqrhMonch~monthl dlv 2 ; 
Von'.h?vAveraqe~roura!mon'.hI:-.YearlyAvcrage + AirTc-pAmp ' 

end; 
GroundTemp:=MonthlyAverageGround[lO]; 

end; 

Procedure BoundaryCond(m0nth : integer); 
var i : integer; 
begin 

for i:=l to dim do begin 
T [i, dim+ll : = MonthlvAveraqeGround Imonthl ; 
Tbasement [i,dim+l] := TempBasement; 

end; 
end; 



Procedure Init; ( *  setting of starting 
values*) 

begin 
dl := PipeLength / dim; 
OutTemp := GroundTemp; 
WarmUp:=trUe; 
New(outputfile.inputfi1eJ; 

end; 

Begin 
Repeat begin 

InDUt (+data in~ut* I 
clrscr; 
~~~~~~~~~~LTe is running J ;  writeln; writeln; 
write('Undisturbed ground temperature ' ) ;  

Init; ('setting of Starting values') 
Undisturbed; ('determines the indisturbed ground temperature') 
setMatrices(TimeStep); ('definition of the matrices*) 
for month:=lO to 12 do begin 
if WarmUp and (month=lO) then begin 
writelni uritelaWarm-up '1; 

end; 
if (not Warmup) and imonth=ll then begin 
writeln; write ('Outlet air temperature '1; 

end; 
write ('*'J; 
ReadInput(inputfile,month,AverageTemp, AirTempJ; 
if Ventservice then ReadServicelfilename2,VentDatl; ('reading the ventilation 

* )  
GroundTemp := MonthlyAverageGround[monthl; ( *  data file 

I 

InTemp: =AirTemp [l, 11 ; 
For day:=l to LengthMonth(month1 do begin 
BoundaryCondlmonth); 
for hoUr:=l to 24 do begin 

InTempOld := InTemp; 
InTemp :=  AirTemp[hour,dayl; 
OutTemDOld := OutTem~; 
if VentService then begin 

if VentDat[hour,dayl > 0 then operating:=true else begin 
OutTemp:=OutTemperature(InTemp); 
operating:=false; 

end; 
end; 
if operating then if (not WarmUp) then ServiceTime:=ServiceTime+l; 

I'h*) 
if operating then OutTemp:=OutTemperature(InTemp); 

(+continues the curves in different 
statest) 

if (not operating and VentService) then OutTemp:=OutTempOld; 
if (not operating and not Ventservice) then OutTemp:=InTemp; 
for j:=1 to dim do CalculatelTimeStep,jl; I *  calculates the ground 

* I  

SystemOutTemp[hour,day] := OutTemp; ( *  temperature field 
* )  

endi 
end; 
if (not Warmup) then 
Output~Outputfile,month,AirTemp,SystemOutTemp); 
if I(month=lZ) and WarmUp) then begin 
month:=O; WarmUp:=false; 

endi 
end: 
clrscr; 
ReadText('ler3e.txt'); 



s := VarStrinq(60,12.'Y','y'.'Y','n','N'); 
end until ( ( s = ' y 9 )  or (s='Ya)); 

End. 

8. Using the WKM-LTe 1 
The WKM-LTe is implemented as Turb-Pascal program. A compiled "WKM-LTe.exeU file should 
work on any ~ ~ ~ ~ i n d o w s  PC. In the developheni the W K M - i ~ e  was suiiessfully used under 
Windows 3.1 and Windows95 with 486 and Pentium processors. 

To start the WKM-LTe the following files must be in the WKM-LTe directory: 

The "input.W file has to contain the temperature data for a whole year (row of 8760 hourly 
temperature values). 
The "selvice.txt" file is only needed if the ventilation should not operate continuously. This file has to 
contain a row of "1" (in operation) and " 0  (out of operation) in accordance with the selvice scheme 
(operating schedule) of the ventilation (row of 8760 hourly values). 

The WKM-LTe writes an "output.txtU file and places it in the WKM-LTe directory. This file contains a 
row with the inlet air temperatures (repeating the input data) and a row with the calculated outlet air 
temperatures separated by semicolons. This data can be analysed with a spreadsheet program e.g. 
Excel. 

An onscreen menu allows the user to set important parameters. Other parameters, such as the 
number of nodes and the time step, may only be changed in the source code: 
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WKM-LT~ (Simulation of air-earth heat exchangers) 
...*.*. **.*,*+f.,~*.******.*.*****..~***..**.**.. 

Heat capacity air IJIkgKl- 
Heat capacity pipe LJ/kgKl= 
Heat capacity earth [JI kgK1= 
Density air [kg/m3IP 
Densicy pipe [kg/m31= 
Density earth [kgIm31= 
Kinematic viscostiy of air [mZ/sI= 
Heat conductivity air Lw/mKI= 
Heat conductivity pipe [W/mKl= 
Heat conductivity earth [W/mi(ls 
Internal diameter of pipe [mi= 
Length of pipe [ml= 
wall thickness of pipe Imi= 
number of pipes (parallell - - 
~ i r  volume flow rate tocal [m3/hl= 
Air flow velocity [mlsl- 
Setting depth of pipes [ml= 
Deprh of penetration [ml= 

redo LYINI ? 

WKH-LTe (Simulation of air-earth heat exchangers) 

Adiabatic share 
Share of basement 
Basement temperarure 
Name of input file 
Name of output file 
Alternating service 
Name of service file 

redo IYIN) ? 

Figure 5: Onscreen menu of the WKM-LTe program. The suggested values may be accepted 
(press RETURN) or replaced by another value. 

Notes: 

Depth of penetration: This is the distance from the surface to the depth where the amplitude of 
response to a temperature cycle is reduced to 1 %. (based on equation (16)) -- 
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The depth of penetration defines the thickness of the observed layer around the pipe. The p r e  
set value corresponds to the depth of penetration of the daily temperature changes. 

Adiabatic share: At the circumference an adiabatic zone occurs due to neighbouring pipes. 
This effect may be modelled by a seqment of the circumference with an adiabatic boundarv 
condition (no heat flux at the border). The size of this segment depends on the distance df 
neighbouring pipes - no feedback based on experience is available yet. 

Share of basement: Analogous to the adiabatic case the influence of the basement may be 
considered by a separate segment. For this a constant temperature is taken as the boundary 
condition - no feedback based on experience is available yet. 

Share of ground: The share of the undisturbed ground is given through: 

share of ground = 1 -adiabatic share - share o f  basement 

The basic case is a single pipe in undisturbed ground. The adiabatic share as wll as the 
share of basement are set to 0. 
If the pipe is situated below a building it may be useful to consider an influence of the 
basement (share of basement > 0). 
If the system consists of parallel pipes it may be useful to consider an influence of the 
neighbouring pipes (adiabatic share > 0). 

In principle any piping system may be calculated as the basic case. This will give more 
accurate results the greater the distances to the sources of disturbance. 

Alternating service: It needs to be specified whether the ventilation should wlk continuously 
or not. If the ventilation should not wolk continuously a service file (e.g. "service.txt") is 
needed 
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I I. Technology area 

Slab cooling by water circulated through embedded pipework. 

1 2. Developed by 

Name Jos6 Luis Alexandre and Eduardo Maldonado 

Organisation : Dep. Mechanical Eng. University of Porto 

Address : Dep. de Eng. MecAnica e Gestao Industrial - Faculdade de Eng. da Universidade 
do Porto - Rua dos Bragas - 4099 Porto Codex - PORTUGAL 

Phone : + 351 2 2007455 

Fax + 351 2 312476 

E-mail : jla@fe.up.pt or ebm@fe.up.pt 

1 3. General description 

The thermal inertia of buildings can be used with a slab cooling system to reject its own energy excess 
to the atmosphere with low energy consumption. The system considered consists of embedded pipes in 
the slab, where the water absorbs the excess heat gains in the space, and a cooling tower, where the 
energy is dissipated to the atmosphere, therefore controlling the building's indoor comfort temperature. 

This report describes a slab cooling system model that is able to dynamically simulate the behaviour of 
the system described under real operating conditions. The model of slab cooling system contains two 
parts which interact dynamically, the slab with embedded pipes and the cooling tower. 

Figure 1 illustrates the complete system and the key variables in the analysis. 

Figure I - Complete Slab Coollng System Model 

Inputs and outputs of the model: 

The inputs are: 
SLAB 

1. Indoor air temperature - upper andlor lower indoor temperature [OC]; 
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2. Global heat transfer coefficient (convection + radiation) - upper andlor lower [WI~~K]; 
3. Physical dimensions and thermal proprieties of the stab; 
4. Water flow in the slab's embedded pipes. 

COOLING TOWER 
5. Air flow [kgls]; 
6. Water flow [kgls]; 
7. Weather data (dry air temperature [TI, relative humidity [%D; 
8. Two operating points of the cooling tower from the performance data supplied by its manu- 

facturer. 

The outputs are: 
1. Energy stored within the slab; 
2. Slab average surface temperatures; 
3. Outlet water temperature for the cooling tower; 
4. Heat flux absorbed by the slab; 
5. Heat flux absorbed by the pipe netvuork. 

Figure 2 show the inputs and outputs of the model 

,- 

1 
I -Weather data- 
I 

Slab Tvm Operating Points 
Parame1ers supplied by its manufacteur 

Flgure 2 - Inbnnation flow char1 
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The mathematical and the FORTRAN names of the variables used in Section 5 are written in the first 
and in the second columns respectively of the following table. 

Input Variables Description Units 
P rop(j) Specific mass of the slab material kg/& 
C cpp(i) Specific heat of the slab material Jlkg K 
1 tkli) Thermal conductivitv of the slab material W/mK 

Twater nuGl) 
Tdm tin(l) 

a alfa 

ra 
cry 
Crx 

boxh 
box1 

Tin Tagin 
Tarin 

4 Hr 
NTU utn 

L CW 

G ca 

lnlet water temperahre to the slab 
Indoor air temperature 
Global heat transfer coefficient ( conv. 
rad) 
Radius of pipe 
y position of the pipe center 
x position of the pipe center 
Height of the slab 
Width between two pipes 
Outlet slab water temperature 
Outdoor dry-bulb temperature 
Outdoor relative humidity 
Number of transfer units (cooling tower) 
Cooling tower water flow 
Cooling tower air flow 

OC 
OC 

+ W / ~ ' K  

m 
m 
m 
m 
m 
OC 
OC 
% 
kWl(kJ/kg) 
kgls 
kgls 

Output Variables 
AEta., dener Internal energy variation of the slab J 
q f l k  qfluxo Heat flux absorbed by the upper surface W 
Tmed tmed Slab average temperature OC 
Tout Tagout Inlet water temperature for the slab OC 

Two Outlet water temperature for the slab "C 

Variables use in  the 
mathematical descrip- 

At delt Time step s 
a N.1) Coefficient of thee grid point temperature WlmK 

Su su(i,j) Source coefficient of the p grid point W/m 
TP t( id Temperature of the p grid point OC 
a0p apo(i,j) Coefficient of the ap old Wlm°C 
TOP told(i.j) Old temperature of the p grid point tempera- 

ture 
ha enthalpy of the air kJlkg d.a. 

hi 
enthalpy of the air at the wetted-surface kJIkg d.a. 
temperature 

hc Convection coefficient Wlm2K 
C P ~  specific heat of moist air kJ1kq K 
Ps water saturation pressure Nlm 
P atmospheric pressure ~ l m '  

Index 
N North neighbour point 
S South neighbour point 
W West neighbour point 
E Est neighbour point 
P Central grid point 
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1 5. Mathematical descri~tion 

5.1. Mathematical description for the slab 

The model of the slab is based on the general conduction equation: 

Although the system is three-dimensional, temperature differences are small and a 2-D representation is 
sufficiently accurate: 

These equations can be solved by a finite-difference full implicit discretization. The application of this 
discretization method to a control volume in the slab (Figure 3) results in equation (3) [Ref. 11. 

Where: 
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Figure 3 - Ebmentary control volume in the intenbr of the slab 

For nodes on the boundary, different boudary conditions occur, as shown in fig.4: . adiabatic wall surface (two planes of symmetry); 
upper and lower surfaces with convection and radiation, caracterized by a global heat transfer weffi- 
cient; 
pipe wall conditions. 

a) Adiabatic wall temperature (I and l a )  - In this case, the a, coefficient is equal to zero in the ( la) 
surface, and the a. coefficient is equal to zero in the (1) surface. 

where: 
a.= a,= 0.0 

b) Convection and radiation wall - Upper and lower surfaces 
1 - Upper surface - The coefficients su, ap and an are as follows; 

2 - Lower surface - The coefficients su, ap and as are as follows; 

S,, = ajT; + a.,,, h.L,,", 
0 a  =a ,+a , ,+a ,+a ,+a  +ai ",,,. h 

P P 

a, = O 

c) Pipe wall conditions - The boundary condition near the pipe wall is obtained in the same way as the 
conditions above, with the convection factor evaluated by the classic equation for convection inside a 
pipe. The convection coefficient is function of the water flow rate (an input). 

0 0 
S* = a,T, + ~,"dd..,, ,Ai.T#;,,, 

0 
a, =a ,+a , ,+a ,+a ,+ap+a i  n.T,,_,,m. Ai ( 7) 
a, =O 

where : 
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Ai = area of elementary volume (this value depends of the imaginary point position and can be 
Ax or Ay) 
ai = 3 coefficient in direction j (the j can be W, N or S depending on the imaginary point position) 

--? \ ~onvection 
(lower surlace) 

Figure 4 - Slab's element boundary condilions 

Near the pipe boundary the energy balance is made by a sample approach as show in Figure 5 

Figure 5 - Grid boundary approach to the real pipe boundary 

Applying equation (3) a to all the interior nodes of the domain and equations (4) to (7) for the boundary 
nodes, yields a system of equations that can be solved by the line-by-line method, using a combination 
of the TDMA and Gauss-Seidel methods [Ref.l]. The line-by-line method gives good convergence, and 
is thus suitable for this kind of problem. 

For each step (time step) of the simulation, the routine produces the temperature distribution in the slab, 
for two operating modes: 

I. with water flow through the pipes 
Ii. without water flow in the pipes 

The routine calculates the real temperature distribution of the slab with water flow (I), as a default situa- 
tion. However, if the pipe outlet water temperature is lower than the inlet water temperature the system 
is turned off and the new temperature distribution evaluated without water flow (11). 

At the end of each time step, the routine gives the average slab temperature and the heat flux absorbed 
by the slab upper surface. In addition, the subroutine ENERGY gives the average slab temperature. 
calculated by: 
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C (T, AX. AY) 

Tmd = (boxh. boxl) 

The subroutine FLUXCAL evaluates the heat flux absorbed by the upper and lower slab surfaces, calcu- 
lated by: 

qflux = C(a.Ax.(T& - T,)) 

5.2 Mathematical description for the cooling tower 

in a cooling tower, there is the heat exchange between the circulating water in the pipes, and the unsatu- 
rated atmospheric air. There are two driving forces for heat rejection; the difference in the dry-bulb tem- 
peratures for heat transfer, and the difference in the vapour pressures between the water surface and 
the air for the mass transfer. Figure 6 represents an elementary control volume of the tower section. G is 
the airflow that enters the lower surface of the tower and L is the water flow that enters at the top sur- 
face. For simplicity, the small quantity of water which evaporates is neglected, so the both water and air 
flow rate are assumed constant throughout the tower. Water enters the control volume at temperature T 
and leaves at T-dT, while air enters with enthalpy ha and leaves with h,+dh.. dA is the total area of the 
surface of the water drops plus the towets wetted fill total surface. The energy balance can be ex- 
p r e s s -  by equation 10. 

dq = Gdh 

where: 
C, - specific heat capacity of water (4,19 kJIkgK), assumed constant throughout the process 

Air 

Figure 6 - Elementary control volume of cooling tower 

As noted above, when a air flow past a wetted surface (Figure 7) there are two kind of heat transfer; 
latent and sensible heat. The heat exchange can be expressed by equation ( l l ) ,  which includes both 
heat transfer and mass transfer: 

Where: 

dq, = h , . . d ~ . ( ~  - T,) 

dq, = h,>.dA.(u: - w,).h,, 
no - mass transfer coefficient [ Kg/m2s] 
h, - convection coeff~cient WIm'K] 
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q, - rate of sensible heat transfer [Wl 
q~ - rate of latent heat transfer [Wl 
w - humidity ratio [(kg of water vapour)/(kg of dray air)] 
hb - latent heat of the water at Ti. [Jlkg] 

The mass coefficient transfer is propoltional to h. and this propoltionality can be expressed by equation 
12: 

where: 
C,, - Specific heat of moist air [Jlkg KJ and is equal to C, +w C,. 
Cp - specific heat of the air [JRgK] 
C, - specific heat of water steam [Jlkg K] 

Applying the definitions above the equation (11) becomes: 

Adding the expression (w,hrw.hl) to equation 13, where hl is the enthalpy of saturated liquid water at 
temperature Ti (this expression is almost negligible compared with the other terms in the equation) 
gives: 

The first term in the equation (14) represents the enthalpy at the wetted-surface temperature (hi) and the 
second is the enthalpy of the air in free stream(h.). Thus: 

The heat transfer between the air and water streams can be calculated as a function of the enthalov 
potential, i.e. the difference between enthalpy of saturated air at the wetted-surface temperature (h,) a;li 
the enthalpy of the air in the free stream (ha) as expressed in equation 15. 

The total heat flux transfer through the cooling tower can be obtained by integration of equations 10 or 
15. 

Combining the above equations (16 and 17) and rearranging gives the water temperatures entering and - - -  . 
h A 

leaving the tower, and the NTU(NTU = '- ) of the cooling tower (equation 18). The value of NTU is 
CPrn 

oflen used to characterise a cooling tower and is the basis for predicting its performance at various inlet 
water and air (wet bulb) temperatures. The higher the value of NTU, the closer the temperature of the 
water leaving the cooling tower will be to the wet bulb temperature of the entering air. 

Equation 18 is a numeric integration of equations 16 and 17 combination, where (h,-ha), is the arithme- 
tic-mean enthalpy difference for a incremental volume (see Figures 5 and 6). 
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Water 
t 

I I 

Figure 7 - Division of Ute tower into incremental volumes 

The properties of air used in this model were obtained from classical psychometrics. 
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17. Algorithm ( 

I ) Input variables 

II ) Calculate dimensions of the grid applied to the slab - Subroutine GRID 

111 ) Calculate physical proprieties of each elementary volume (p, C and A) 

Begin Loop 1 (Time step) 

Begin Loop 2 (Slab System On-Off) 

IV ) lnitialise the temperature values for each point 

V ) Calculate the different boundary conditions 

VI ) Calculate the different coefficients of equation 3 - Subroutine COEF 

VII ) Calculate the slab's temperature distribution - Subroutine LSOLVR 

Vlll ) Calculate the outlet water pipe temperature - Subroutine ENERGY 

IX ) Compare outlet water pipe temperature with inlet water pipe temperature and evaluate the 
mode function of the system (with or without water flow) 

End Loop 2 

X ) Calculate the slab's average temperature 

XI ) Calculate the heat flux absorbed by the slab (upper and lower heat flux)- subroutine FLUX- 
CAL 

XI1 ) Output the different values into a file 

End Loop1 (time step) 

Xlll )End Programme 
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1 8. Flowchart 

Tim Lmp 
CND) 

END PROSRAM 

Figure 8 - Flowcharl for the model 

m Slab Cooling System Main  Program 
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 SUB ROUTINE COEF I 
, 

( Stan Sub Routine ) 
', \ Stan Sub Routine 
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I 
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i 
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elernem appiy to all point5 
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+7 
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.X .. '... 
-.. 
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-...,, I" 

'. . ,,,' 

+- 
, End Sub rautlne I 

Figure 9 -Routine grid and c o d  
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If...---..-.> 
b..,. . . :.t 

.. 

,, .; ., . . . . ., ., 
, . , . , . , . .. . .. . . 

: .,.. :>t<&: .. ., , 

i Starl Sub routme ! . .., (, start sub routine ') . , a-, - I 

! Position of the 
analysis 

point i I ' point ! 

'.. ,- . 
X. 

.,--"The East paint near t h b  
,,' 
. analysis point is the pipe >:.-Y€S 

. neighborhood ? ,,-A Coeflicient .. .,I" -. -. C,~' 

7 ... . 
I 

,, '.'. .., 
.. 

'._ 
,,- The West point near tlie, 1 correct i 

I '.. I ,:., analysis point is the pipe ,. --Yes-? 
I 

a-w i 
Yes neighborhood ? / Coefficient 1 

I ... 
/" 

! - - 
! 

'+ 
NO. J 

I A,.., 
.,-.' .. \... 

,,--The North paint near he..., I 1 Corren I .: analysis point is the pipe ;-YP~-c/ a-n 
' neighborhood ? ,/' 

\ 
I Coelficient / 

'%, ,.,' 

i , , ./ ... 

.I. 
,- .- .. -.. 

I ,. ,'. '. 
\ 

.... ,.-The South point near the 1 correct 
i .  analysis point is the 
, neighborhood ? .. _/' 

'- ., /' 
-..,_' I 

I -_I__ I 

1 End Sub routme k I 

Figure 10 - Routine TUB01 and TUB02 
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1 9. Model validation 

9.1 Introduction 

This section describes a validation exercise for the slab model used in the study of the slab cooling sys- 
tem developed within Annex 28. Experimental data obtained in a test cell of COSTIC" - France was 
used for this purpose. 

9.2 Experimental data 

The tests done at COSTIC were designed to provide data to evaluate the effect of different variables on 
the comfort conditions in a space cooled by a slab cooling system. 

Figure 11 - ~e'sf cell p e t  101 

The test cell has a double envelope as shown in Figure 11. It has six independent outside boxes that 
have a 1 meter spacing between the internal and the external walls. Air is supplied at different tempera- 
tures (between-5% and 40%) into the box, enabling the effects of outdoor air temperature and asymme- 
tries to be tested. The north box is removable to allow for testing different wall types. 

The cell's slab has a pipe network embedded similar to a radiant floor heating system which is used for 
cooling the cell. Figure 12 shows the pipewrk distribution in the floor slab, with two independent circuits 
of 58 m and 78 m in length. 

Figure 12 - Pipework distribution in the slab 

" Special thanks are due to Mr. Feldman and Mr. Eric Michel (COSTIC - France) for supplying the data 
and allowing it to be used in this content. 

16 
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The slab was made of different layers of materials, as shown in Figure 13. 

- Concrete 3 
Thickness = 20 cm 

Figure 13 - Slab composition 

The tests performed in the cell were as follows: 
1. lnfluence of the inlet water temperature in the pipe n e w *  (lZ°C, 16°C and 20°C); 
2. lnfluence of the cooling load of the cell (outdoor Air temperature - 40°C. 3 3 T  and 26OC); 
3. lnfluence of the surface finishing of the slab (types of materials used: plastic film, wooden floor 

and carpet); 
4. lnfluence of the water flow rate (250, 140 and 90 llh). 

The temperature of the lower surface of the slab was kept constant and equal to 15°C for all tests. 

The following data was measured: 
lnlet water flow [Ilh] 
lnlet and outlet water temperature [DC] 
Upper and lower surface heat flux absorbed by the slab [Wlml  
Average of the indoor air temperature [DC] 
Upper slab surface global heat transfer coefficient [Wlm2 K] 
Lower slab surface temperature [OC] 

The procedure for evaluating global heat transfer coefficient and the indoor average air temperature is 
not very accurate for the experimental tests. 

9.3 The model 

The model of the slab used to simulate these experiments was the model described in section 3, but 
with inputs and outputs to conform with the test data: 

INPUT 
- average air temperature inside the cell; 
- global heat transfer coefficient between the upper layer of the slab and the indoor air: 
- inlet water temperature 
- water flow rate 
- slab information 

physical properties of different materials 
geometric characterisation of the different layers 
physical properties of the pipewolk 

OUTPUT 
- average upper slab surface temperature 
- absorbed heat flux by the upper and lower slab surface 
- absorbed heat flux by the water 
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9.4 Comparison between experimental data and simulation results 

The table and pictures below present the different results of the simulation and experimental data for 
different test conditions in the COSTlC cell. The values obtained with the model simulation are in very 
close agreement with the experimental data, as can be seen in the table below. 

Table 1 - Experimental values versus model's output for the different tests 

where: 
T,;. - Inlet water temperature [OC] 
TKW - Outlet water temperature ["C] 
Q(upper) - heat flux absorbed by the upper slab surface [W/m2K] 

Average Surface Temperature 

Figure 14 - Average ~ u i a c e  Temperature 
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Outlet Water Temperature 

Fgure 15 - Outlet Water Temperature 

Differences between simulation (model) and the experimental values (exp) range from 7% to 17% for 
the two parameters analysed. 

The procedure for evaluating the global heat transfer coefficient and the indoorlresultant temperature for 
the is not very accurate. Table 2 shows the effect of assuming small variations for the global heat trans- 
fer coefficient (a) on the surfaces of the slab. 

Table 2 - Effect ofthe indwr/resultant temperature and the global heat coeficienf 

Ts-ast -Average slab surface temperature [OC] 
Tw-in - Inlet watertemperature inside the pipe network [OC] 
Tw-out - Outlet water temperature of the pipe network ["C] 
E - Relative error between experimental temperatures and output model temperatures 
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1 10. Sample results 

Results have been generated for the following general conditions: 
Weather data - Lisbon- from 1 June to 21 July 
Cooling Tower (BALTIMORE- VTL045 H) 
Water flow : 4.5 Kgls 

Figure 16 shows the input parameters used for the model simulation program 

INDI ITC 

Distance between pipes immi l150.0 I  

Number of iyers within the slab = 
Layw no 

Thickness (es) [rnm]= 
The layer start at = 
Density [Kg/m3]= 

Specific heat [J/kgK]= 
Thermal corductiuty [W/mK]= 

(default babe is 10 m) 

Upper surface (al) [WlmX] = 
Lower surface (a2)' [W/m2K] = 

Upper surface (TI) [ T I =  
Lower surface (T2) PC] = 

Inlet pipe water temperaturerC]= E X G ~ ~ ! ~ :  3 layers slab 

Water Row (inside the pipe) [I/h] = 
l m e  step simulation ( m a .  =14&4)= 

' ifyou know the slab surface 
temperature the global heat transfer 
coefficient must be 1.OE+5 

Figure 16 - Slab Cooling inputs program simulation 
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The figures 17 and 18 show the final results of the simulation program as a time simulation 

l-hx [hl 
Tpipcin [TI Tpipeou IT2 -T_aucw[q ----TWTI 

Figure 17 - Inlet/Outlet water temperatures, average of upper slab sudace temperature and wet bulb 
temperature 

Figure 18 - Heat flux absorbed by the upper and lower slab surfaces 
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I 11 Source Codes 

11.1 Source code for slab cooling 

----- 
C 
C MODEL OF SALB COOLING SYS- 
TEM 
C ex~erimental data - COSTIC's lest cell 

- 
C This program evaluate as time function the 
following variables: 
c slab's surfacestemperature 
c absorved heat flux by 
c the slab 
c the pipe 
c water nehwrk 
C 

c absorved energy by the slab 

PROGRAM SLAB-COOLING 

General variables 

INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

great = 1 E+30 
nswpt = I 

c input slab 
prop. # 

CALL INPUTPRO 
C # 
! Hub=16.1 ! mnstant Water temperature 

! WRITE('.'(A,\)') ' temperatura do tub0 -9 
! READp.')hvil 
! WRITE('.'(A.\)') ' Temperatura do ar interio . 
>' 

! READ('.')tinl 
! WRITE(','(A,\)')' Temperatura da parte 
inferior ->' 
! READ('.')tlower 
! WRITE(','(A,\)')' Delta mmprimento ->' 
! READ('.')mmpl 
! WRITE(','(A,\)') ' Coefidente de transferen- 
da ->' 
! READ('.')alfa 

!Hub=ttubl 
! tin=tinl 
! tin=24.89 ! indoor air temperature 
! tlower;16.8 ! lower surface temperature 
C # #  

c n  = 0. 
C # #  

delt=60000.0 
maxit = 50000 
indpri = 10 
urft = 1.0 

! CALL GRlDA (boxh,boxl.ay.x,y.ni.nj.ngrids) 

ijstep=l 
imin = I + ijstep 
jmin = I + ijstep 
niml = ni - ijstep 
njml = nj - ijstep 

CALL PROPRI 
kkl.0 
mmp=wmpl 
DO WHILE (mmpr.GE.mmp) 
Hub=twil 
kkl=kkl + I  

DO 467 1k1.6 !o valor max 6 de 14M 
500 niter = 0 

!IF(l.le.S) THEN 
! sormax = 00001 
! ELSE 
sOrmax=.000001 ! .OM)001 - valor ideal 

!END IF 
sore=O. 
DO 400 k=l.ngrids 
ijstep=2"(ngrids-k) 
imin = 1 + ijstep 
jmin = I + ijstep 
niml = ni - iisteo .~ , 
njml = nj - ijstep 
CALL GRID 
IF (k.EQ.l) CALL INITVALUES 
IF ((k.GT.I).AND.(I.EQ.lI) CALL INTERPO- 

LATE 
CALL COEFT 
s o r e  = 2. ' sormax 

THEN 
IF ((MOD(niter,indpri).EQ.O).AND.(niter.GT.O)) 

CALL UPDT 
!IF (MOD (Iliter.ind~ri).EQ.O) CALL PRTOUT 

! CALL UPDT 
niter = niter + I 
CALL CALCT 
nik = (ni - I )  1 ijstep + I 
njk = (nj - I )  1 ijstep + I 
sore  = resort 
GOT0 320 
END IF 

CALL UPDT 
write1'.94001 nik.nik.niter.l.resort 
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C 

!CALL ENERGY 
c IF(kwnt.EQ.1) GOT0 500 

told = t 
C - 
467 CONTINUE 

CALL ENERGY 
wmp=wmp+compl 
acomp=wmpcompl 
IF 

((wmp.GT.wmpr).AND.(awmp.Lt.wmpr)) then 
awmp=wmpr-(wmp-wmpl) 
wrn~=lwmDcomol)+awmD 

w m p ~ = ' a w A ~  
END IF 
END DO 
CALL PRTOUT 

PRINT.'Tarefa wncluida' 
STOP 

9200 FORMAT(3E11.4) 
9250 FORMAT 11) 
9400 ~ 0 ~ M A ~ ( h l 5 , 1 ~ ~ 1 2 . 2 )  

END PROGRAM 
!RETURN 
!END SUBROUTINE 

SUBROUTINE INITVALUES 
INCLUDE 'PmSub' 
INCLUDE ' P ~ L ~ O I V '  
INCLUDE 'Prgl' 
iFilI.NE.1I.OR.(kkl.NE.1~~ THEN 

I.AND.&~I.NE.I) 
t=told 

ELSE 
t=o.o 
END IF 

RETURN 
END 

c 
SUBROUTINE INTERPOLATE 
INCLUDE 'PrgSub' 
INCLUDE 'PraLsolv' 
INCLUDE ' ~ 6 1 '  

C 
DO 3010 i=l ,  ni. Z'ijstep 
DO 3010 j=jmin. njml. Z'ijstep 
t(i.j)=dyps(i)l(dynp(j)+dyps(j))'t(i.j+ijstep)+ 

: dynp(i)/(dynp(i)+dyps(i))'t(i.j-ijstep) 
3010 CONTINUE 

DO 3020 i=imin, niml. Z'ijstep 
DO 3020 j=l. nj, ijstep 
t(i.j)=dxpw(i)/(dxep(i)+dxpw(i))'t(i+ijstep,j)+ 

dxep(i)/(dxep(i)+dxpw(i))'t(i-ijstep,~) 
3020 CONTINUE 

RETURN 
END 

SUBROUTINE PRTOUT 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

c saida de resultados DI ficheiros-- 
OPEN (52, file='temp.dat', STA- 

TUS='UNKNOWN') 
DO i=l.ni 

DO j=l,nj 

WRITE(52,'(31s.4g)x(i),y(i),t(i,j) 
END DO 

!WRITEl52.'(/)') 
! ~ t e ( 5 i ~ j  
END DO 
!DO i=l.ni 

! ~~1~~(52. ' (31s.4) ' )x( i ) ,y( i ) , t ( i , j )  
I END DO 

PRINT 
PRINT' 

1750 FORMAT (lx.50(F5.1 ,\),lx) 
RETURN 
END 

- 
SUBROUTINE GRID 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

C 
dxpw(1) = 0. 
dxep(ni) = 0. 
DO 1010 i=l, niml, ijstep 
dxep(i) = x(i + ijstep) - x(i) 
dxpw(i + ijstep) = dxep(i) 

1010 CONTINUE 
dyps(1) = 0. 
dynp(j) = 0. 
DO 1020 j=l. njml. ijstep 
dynpu) = y(i + ijstep) - yu) 
dypsu + ijstep) = dynpu) 

1020 CONTINUE 
sew(1) = 0. 
sew(ni) = 0. 
DO 1030 i=imin. niml. iistm 
sew(i) = (dxep(i) + dri&i))'l 2. 

1030 CONTINUE 

sns(1) = 0 
sns(nj) = 0 
DO 1040 j=jmin, njml, ijstep 
snsu) = (dynpu) +dyps(j)) 12. 

1040 CONTINUE 
sns(jmin) = snsumin) + dypsumin) 12. 
sns(njm1) = sns(njm1) + dynp(njm1) 12. 
RETURN 
END 

c 
SUBROUTINE UPDT 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

l? - 
DO 6400 j=l.nj.ijstep 
t(ni, j) = i(nim1.i) 
t(l,j)=t(imin,j) 

6400 CONTINUE 
DO 6410 i=irnin.niml.ijstep 

arean=sew(i) 
anl=tk(i,njml)'areanIdynp(njml) 
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C 
IF(alfal.LT.I.E5) THEN 

anl=tk(i.jmin)'arean/dynp(l) 

t(i,l)=t(i,jmin)'anl+tlower'sew(i)'alfal 
ap(i,l)=anl +a!fal'sew(i) 
t(i,l)=t(i,l)/ap(i, I )  

ELSE 
t(i,l)=tiowe~ 

END IF 
6410 CONTINUE 

RETURN 
END 

- 
SUBROUTINE COEFT 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

c - 
DO 4100j=jmin, njml, ijstep 
areaew = snsu) 
ae(1, j) = tk(l.j)'areaew/dxep(l) 

4100 CONTINUE 
DO 4200 i=imin, niml, ijstep 
arean = sew(i) 
an(i,l)=tk(i,l)'arean/dynp(l) 

4200 CONTINUE 

! DO 4300 i=imin.niml.ijstep 
! ae(i,nj)=tk(i,nj)'dyps(nj)/(2.-dxep(i)) 
!4300 CONTINUE 
! 

DO 5100 i=imin. niml. ijstep 
DO 5100 j=jmin, njml, ijstep 
arean=sew(i) 
areaew=sns(r) 
vol = sew(i) * sns(r) 
an(i, j) = tk(i.j)'areanldynp(i) 
ae(i, j) = tk(i,j).areaew/dxep(i) 
IF (I.EQ.l) THEN 

su(i.j)=O 
aofi.i\=O ~ ? .  .,. 

ELSE 
su(i,j)=rop(i,j)'cpp(i.j)'sns~)'sew(i)/delt~told(i,j) 
ap(i,j)=rop(i.j)'cpp(i,j)'sns(j)'sew(i)/delt 

END IF 
CALL TUBO1li.i) 

5100 CONTINUE' ' 
CALL MODT 
DO 5300 i=imin, niml, ijstep 
DO 5300 j=jmin, njml. ijstep 
ap(i.i)=ap(i,j)+an(i.j)+an(i,j-ijslep)+ae(i,j)+ae(i- 

~ , , ., , , . .. . 
su(i.j)=su(i,j)+(l-ufi)'ap(i.j)'t(i,j) 

5300 CONTINUE 
RETURN 
END 

SUBROUTINE TUB01 (i.j) 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

c l~////ll/l l l/ l l l l# 
drcu=O. 
circu=(x(i)-crx)'(x(i)-crx) 
circu=arcu+(y(i)-cry)'(y(i)q) 
IF (circu.LE.ra'2.) THEN 

suli.i)=ttubWl e20 . . . 
ap(i,j)=l e20 

END IF 
RETURN 
END * 

- 
SUBROUTINE MODT 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 

- INCLUDE 'Prgl' 

C 
IF (alfal.LT.lE5) THEN 

an(i, l)=0.0 
ap(i.jmin)=ap(i,jmin)+alfal^sew(i) 

su(i.jmin)=su(i.jmin)+tinl'sew(i)'alfal 
END IF 

6100 CONTINUE 
DO 6400 j=l, nj, ijstep 
aelnim1.i) = 0. ~ ... 
ae(l.j)=O. 

6400 CONTINUE 
RETURN 
END 

SUBROUTINE CALCT 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

C 
resort = 0. 
nrstep=2"(ngrids-I) 
DO 5400 i-imin, niml, nrstep 
DO 5400 j=]min, njml, nrstep 
sur=su(i.j)-(1-ufi)'ap(i,j)'t(i,j) 
apr=ap(i,j)'ufi 
resor.(an(i.j)'l(i.j+ijstep)+an(i.j-ijstep).t(i,j- 

ijstep)+ 
: ae(i.j)*t(i+ijstep,j)+ae(i-ijstep,j)'t(i-ijstep,j)- 
: aor'tli.i)+sur)/aor 

7 ~.. .  
resort=resort+~~~(resor) 

5400 CONTINUE 
resort=resortl(nilnrstep-l)/(njlnrstep-1)lijstep 
IF(resortGT.sormax)CALL LSOL- 

VR(nswpt.imin,jmin.ni,nj,ijstep.t) 
RETURN 
END 



IEA-BCS Annex 28 Detailed Deslgn Tools for Low Energy Cooling Water Cooled Slab Chapter K 
c 820 CONTINUE 

SUBROUTINE LSOLVRinswem. imin. imin. ni. Oo 8W n=l.nv . . . . 
nj, ijstep, phi) 

IMPLICIT REAL'8 (A-H.0-2) 

C 
niml = ni - ijstep 
njml = nj - ijstep 
jminml = jmin - ijstep 
iminml = imin - ijstep 
DO 1000 n=l.nsweep 
auminml) = 0. 
DO 100 ikimin, niml, ijstep 
C(jminm1) = phi(i, jminml) 
DO 50 j=jrnin, njrnl, ijstep 
a(i) = an(i, j) 
b(i) = an(i, j - ijstep) 
cij)=ae(i.j)'phi(i+ijstep.j)+ae(i-ijstepj)' 

: phi(i-ijstep,j)+su(i,j) 
d(j) = ap(i, I) 

C 

term = I / idii) - biil ' aii - iisteo)) ". " ,  ... 
a(i) = a(i) ' term 
C(i) = (C(i) + b(i) ' C(i - ijstep)) ' term 

50 CONTINUE ~ - 

DO 70 j=njrnl.jmin. -ijstep 
phi(i, j) = a(i)'phi(i,j+ijstep)+C(j) 

70 CONTINUE 
100 CONTINUE 

a(iminrn1) = 0. 
DO 200 j=jmin, njml, ijstep 
C(iminrn1) = phi(irninrn1, j) 
DO 150 i=irnin. niml. ijstep 
a(i) = ae(i, j) 
b(i) = ae(i - ijstep, j) 
c(i)=an(i.j)'phi(i,j+ijstep)+an(i.j-ijstep)' 

: phi(i.1-ijstep)+su(i.j) 
d(i) = ap(i, j) 

C 

term = I / (d(i) - b(i) a(i - ljstep)) 
a(i) = a(i) ' term 
C(i) = (C(i) + b(i) C(i - ijstep)) term 

150 CONTINUE 
DO 170 i=niml, imin, -ijstep 
phi(i, j) = a(i) ' phi(i + ijstep, j) + C(i) 

170 CONTINUE 
200 CONTINUE 
1000 CONTINUE 

RETURN 
END 

SUBROUTINE PROPRl 
INCLUDE 'PrgSub' 

C 
c initialisation of the properties 

tk=O.O 
cpp=o.o 
rop=o.O 

! 
DO 820 i=l.ni.ijstep 

rop(i.l)=ropy(l) 
cpp(i.l)=cpp~(l) 
tk(i.l)=tky(l) 
ro~(i.ni)=roP~(n~) 
cpp(i.ni)=cpp~(n~) 
tk(i.nj)=tky(ny) 

IF (n.NE.ny) THEN 
IF((y(i).LE.yl).AND.(y(i+ijstep).GE.yl)) 

THEN 

tk(i.j)=Iky(n)'tky(n+I )'Z./(tky(n)+tky(n+I)) 
END IF 

END IF 
810 CONTINUE 
800 CONTINUE 

DO 830 j=l,nj.ijstep 
rop(l.j)=rop(l+ijstep.j) 

c p ~ ( l d = c p ~ ( l  +iistep.i) 
tk(1 .j)=tk(l +ijstep.j) 

rop(ni,j)=rop(ni-ijstepj) 
cpp(ni,j)=cpp(ni-i1step.j) 
tk(ni.j)-lk(ni-ijstep,~) 

830 CONTINUE 
! Pipe's Properties 

DO 825 i=imin.niml .ijstep 
DO 825 j=jrnin,njrnl,ijstep 
raui=(x(i)-ax)"2.+(y(i)cry)"2. 
IF (raui.LE.rae-2.) THEN 
tk(i.j)=tkp 
c p ~ ( i , i ) = c p ~ ~  
rop(i,j)=ropp 
arcn=(x(i)crx)"2.+(y(j+ijstep)-ay)"2. 
circs=(x(i)cn)"2.+(y(i-ijstep)cry)"2. 
urce=(x(i+ijstep)crx)"2.+(y(i)-ay)"2. 
IF(circe.GE.rae"2.) THEN 
cpp(i.j)=(cpp~+cpp(i+ijstep.j))l2. 
rop(i,j)=(rop(i+ijstep,j)+ropp)I2. 

tk(i,j)=tk(i+ijstep,j)'tkp'2./(tk(i+ijstep,j)+tkp) 
END IF 

tk(i,j)=tk(i,j+ijstep)'tkp'2./(tk(i,j+ijstep)+tkp) 
END IF 

IF(circs.GE.rae"2.) THEN 
cpp(i,j-ijstep)=(cpp(i.j-ijstep)+cppp)/2 
rop(i.j-ijstep)=(rop(i j-ijstep)+ropp)R. 
tk(i.1-ijstep)=tk(i,j-ijstep)'tkp'Z./(tk(i,j- 

iisteo)+tkol , . .  . ,  
END IF 

END IF 
IF (racri.LT.ra"2.) THEN 
tk(i,j)=tkp 
cpP(i.~)=cpPP 
rop(i.j)=ropp 

END IF 
825 CONTINUE 

828 RETURN 
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END - 
SUBROUTINE ENERGY 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Pml' - ~ 

REAL ttu~in.tmedj.qfluxu.qflud 
CHARACTER'IO aa 

ltubin=Hub(l) 
CALL FLUXOCAL(qfluxu.qfluxl) 
CALL FLUXPIPE 

c -valuation of outlet water temperaure and print 

8030 CONTINUE 
tmed=tmed/somx 
tmedi=tinlil~fluu(aIfa'boxl) 

C- 
OPEN(5I,file=aa,STATUS='unknown') 
WRITE(5I ,'(Ix,a)')'------output 

program simulation-- 

WRI- 
TE(51,10)'lnlet'.'OutIet','Abso~ed','Upper','Lowe<,'Up 
pet WRITE(51.15)'Water temp.'.'Water 
temp.','Heat by'.'flux'.'flux', 

:'average Temp.' 
WRI- 

TE(51.16)'[°C]','[0C~,'[~,'[W/m2~,1'[wlm21',C~ 
WRITE(51 , ' ( Ix , a)'r 

.(6x,A)) 
17 FOR- 
MAT(lx.fB 3,7x.f8 3,(4x.f8 3),(4x.f8 3),(3x.f8 3),(5x,f8 

. 
RETURN 
END 

SUBROUTINE FLUXOCAL (qflum,qfluxl) 
INCLUDE 'PrgSub' 
INCLUDE 'PrgLsolv' 
INCLUDE 'Prgt' 

REAL qfluxu.qfluxi 

C 
qflux=o. 

qfluxu=o. 
qfluxl=o. 
areau=O. 
areal.0. 

DO 8200 i=l,ni 
qfluxu=qfluxu+alfa'sew(i)'(tin(l)-t(i.u)) 

8200 CONTINUE 
areau.0. 
DO 8250 i=l,ni 

qflux=qflux+tk(i,njml-l)'sw(i)'(t(i,nj)- 
t(i.njm1)) 

: Idynp(njm1) 
areau=areau+sew(i) 

8250 CONTINUE 
areal.0. 

qfluxl=O. 
DO 8260 i=l.ni 

qfluxl=qfluxl+tk(i,jmin)'sew(i)'(t(i.l)-t(i,jmin)) 
: /dynp(l) 
areal=areal+sew(i) 

8260 CONTINUE 
qfluxu=qflux/areau 

qfluxl=qfluxl/areal 
!print', qflux,qfluxu,qfluxl,areal,areau 
!pause 

C 
RETURN 
END 

SUBROUTINE FLUXPIPE 
INCLUDE 'PrgSub' 
INCLUDE 'PmLsolv' 
INCLUDE ' ~ 6 1 '  

REAL 1pipe.qsoma 

OPEN(51 .ACCESS='APPEND'.FILE='outtime.dat'.ST 
ATUS='UNKNOWN') 

WRI- 
TE(51,20)ttub(i).twil ,qtub(l).qfluxu.qfluxI,tmed, 

:qtub(l)lcompl,compl.comp 
CLOSE(51) 

I 8  FORMAT(lx.l4.4(1x,F8.3)) 

DO 2100 l=jm8n n m l  ljstep 
DO 2100 # -  m n nlml ilsteo 
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". 
! l~ (c i r& .~~ . ra "2 . )  area=area+sns(j) 

IF (circn.GT.ra"2.) area=area+sew(i) 
IF(circs.GT.ra"2.) area=area+sew(i) 

qsoma=qsoma+(qtubs+qtubn+qtubw+qtube) 
! 

END IF 
2100 CONTINUE 

!Print'.W por m'.qsoma,' areact.area 
qsoma=qsoma/area ! average temperature 

!print','por m2.qsoma 
qtub(l)=qsoma'ra'(3.141592)'2'mmpt 

!+qtub(l) 
!tpipe=al'2.'qsoma'ra'(3.141592)+tpipe 

!PRINT'.qsoma 
2200 CONTINUE 

RETURN 
END 

C 

SUBROUTINE INPUTPRO 
INCLUDE 'PrgSub' 

INCLUDE 'PrgLsolv' 
INCLUDE 'Prgl' 

CHARACTER '12,name 
C 

C 

name ='inpfile.dat' 

11.2 Source code for the cooling tower submutine 

SUBROUTINE TOWERPRO 
IMPLICIT REAL'B (A-H.OZ) 

COMMON ~ i l .m l .d t . j l . ca r . two( l4M) .u tn l  

C 

OPEN(l,FiLE=t:\stb\bansU&in.dat'.STATUS='U 
NKNOWN') 

DO 50 i=1.2 
READ(l.')tar(i).twi(i),two(i),m(i).ca(i),fia(i) 

50 CONTINUE 
READ(1 :)ml 
CLOSE(1) 

DO n=t.ny 
READ(59,220)ye(n) 
READ(59,220)ey(n) 
READ(59,22O)ropy(n) 
READ(59.220)cppy(n) 
READ(59,220)tky(n) 

END DO 
READl59.220)rae 

CLOSE(59) 
tin=tinl 
ye=yeele-3 !Convert Units 
ey=eyel&3 !Convert Units 
rae=raeY&3 !Convert Units 
ra=ra'l.&3 !Convert Units 
ay=cry't.e-3 
boxh=boxh'l.Oe-3 
boxl=boxl'l.Oe-3 
!amp1 =mmpr 

C 
200 FORMAT(tx,A.\) 
205 FORMAT(12) 
210 FORMAT(lx,A8.12.A12.F8.2,A23,\) 
220 FORMAT(F9.4) 

RETURN 
END 

CALL NTU 
(gr(i).W(i),two(i).cw(i),ca(i),p,m(i).dt(i)) 
55 CONTINUE 
c- NTU - mting 
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WRITE(l.')Uln(l),~n(Z).utnl,a.b EXTERNAL dw 
CLOSE(!) xacc=O.OOl 

C DO 300 jl=l , j m  
OPEN(1 .FILE='c:\Slab\trans\weaVler.dal.SUS=' xl=tarfjl)-20 

UNKNOWN') a(x1.n.o) xi-0.0 
DO 60 jl=l ,;ma% Q=tarfjl) 
READ(I .')tenp(j~).tarw,r@~) fm~=dw(tar(j~),w(j~).x~) 

60 CONTINUE f=dw(tarfjl).wfjl).xl) 
CLOSE(1) ~ ~ ( f ' f m i d . ~ ~ . ~ )  men 

c wnteC.')il 

S lab Chapter K 

DO 65 jl=l,jmax 
ps=psal(tar(il))l9.8 
fia(il)=Fiatil)H W. 
wfjl)=O.6219'(fm(jl~ps/(pfm(iI~ps)) 

65 CONTINUE 
C 

CALL TEMPW ,- 

pause 'md 
END IF 
IF(f.LT.0) THEN 

rtbis-xl 
~ F Q - x l  

ELSE 
lmiS=Q 
d ~ x l - Q  - 

OPEN(1 .FILE='c:\slab\transMr.dal.STATUS='un END IF 
DO 310 i = l . i m  

-) DO 90 fl=l,jma% d ~ d x . 5  
WRITE(l.l6)jl,lar(jI),Ra(jl).w(jl),twb(jI) mid=rtbistdx 

90 CONTINUE frnid&(tar(jl).w(jl).rmid) 
CLOSE(1) IF(fmid.LE.0) lmis=mid 

10 FORMAT(lx.A,\) IF(ABS(dx).LT.xacc) GOT0 315 
15 FORMAT(f6.3) 310 CONTINUE 
16 FOR- 315 twb(jl)=rtbis 
MAT(1X.i5.1X.F5.2.1XF552,1X,EN9.~,lXF5.2) 3W CONTINUE 

RETURN RETURN 
END! PROGRAM END 

C 
SUBROUTlNE NTU (la 

nn.tagr tagat.cl.cg.wt.fi dl.ant4 
IMPLICIT REA-'8 (A-h 0 2 )  

DlMEhSlON tag(200~ na(2001 
"=(tagin-tagad)ldt 
tag(1)'tagM 
ps=psat(tarin)l9.8 
w=o.6219*(fi'psI(pat-fi'ps)) 
ha(l)=l .O'ta~nw'(l.66'lann+2501.3) 
sntu=o.o 

C 
DO 200 jl=2,n+l 
mot)--(il-l)+dt 
mm=(tag(jl)+tagfjl-l))n. 
ha(jl)=ha(il-l)+cll~4.19'dl 
ham=(ha(jl)+ha(iI-1))n. 
hi=hasat(tagm) 
snlu=sntu+ll(hi-ham) 

C 
200 CONTINUE 

anh1=4.19tl'dl+snlu 
RETURN 
END 

C 
FUNCTION psat (te) 

IMPLICIT R W 6  (A-H.0-2) 
IF ((le.GT.O.).AND.(le.LT.50.))THEN 

psal=0.067112'1.061854'~(te) 
END IF 

IF ((le.GE.50.).AND.(le.LT.B0.)) THEN 
psal=O.l35743'1.045663"(te) 

END IF 
ENDFUNCTION 

C 
FUNCTION hasat(te) 

IMPLICIT REAL'B (A-H,(IZ) 
hasa+4.7926+2.568'te- 

.029834'te'1eO.O01665711e"3 
ENDFUNCTION 

C 
SUBROUTINE TEMPW 

IMPLICIT REAL'B (A-H,(IZ) 
COMMON 

l~l~,w(l464),1a(1464),~a(1464).twb(1464),jm 
PARAMETER (imar50) 
EXTERNAL ~ s a l  

C 
FUNCTION dw 1te.wa.hwel) 

IMPLICIT GALV (A-H.O-Z) 
EXTERNAL psat 
real ps.ws,wl.w2 
ps=prat(W)19.8 
m=0.62198'(ps/(l .-ps)) 
wl=(2501.0-2.381'-)%-(lewd) 
w2=2501.0+1.805*le-4.186% 
+(wb(~lAV2)) 
END FUNCTION 

C 
SUBROUTINE TWATER 

IMPLICIT REAL'B (A-H.0-Z) 
COMMON )vaslh*il.ml.dtjl.cs,two(l4~).utnl 
COMMON 

1arp1p,w(i~6~).~(1464),rm(1464),hvb(1464),jma% 
PARAMETER (imax.400) 
EXTERNAL psal 
xkc=o.o1 
Xl*(jl) 
Q = M l  

dl NTU (~(jl).Ml.Q.cwl.car.p.~m~l),dl.uln2) 
fmid=ulnluln2 
IF (Cfrnid.gt.0) men 

terror-01 
c IF(ABS(x1-Q).LT.Z.O) l e n a = O . O l  
C lF(ABS(x1-Q).GT.lO) 1€1r0=.5 

e r ~ 0 . 0 1  
KOnl=O 

420 CAI NTU (tar(il),trvil.Q.ml.c8.p.(ia(i~.dl.utn2) 
m m t = m m l + l  
Q2=Q 

IF (utn2.GT.ml) THEN 
IF(ABS(x1-Q).GT.lO.) t e r r w l  

IF((ABS(x1-Q).LE.lO.).AND.(ABS(xl- 
Q).GT.Z.)) termr-.l 

IF(ABS(x1-Q).LT.2.0) terra=0.01 
Q=Q+tmm 
ELSE 

IF(ABS(x1-Q).GT.10.) tena=l. 
IF((ABS(x1-Q).LE.lO.).AND.(ABS(xl- 

Q).GT.2.)) lerra=.l 
IF(ABS(x1-Q).LT.Z.O) l e r r ~ 0 . 0 1  

Q=Q-temx 
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END IF 

IF (mcmt.GE.40) THEN 
WRlTEC.+)ABS(laZ-la) 
x1=x22 
la=la 
CAI NTU (tar(il),hnl,xl,cvl,car.p,Oa~l).dt,lRn2) 

l=m1uln2 
call NTU ( tar~l) .hnl~,~l .car.p.~~(l l ) .dl . lRn2) 
m = u t n ~ u r n z  
WRITE('.')f,frnid 
GOT0 430 

END IF 
If (abs(utnzulnl).ge.(o.s)) ~ 3 0 4 2 0  

mridlx2 
Q d O  410 

END IF 
430 IF (f.R.0) THEN 

tlbis=xI 
d ~ x 2 - X I  

ELSE 

dx=xl-la 
END IF 
W 400i=l,imax 
dr;O.S'd. 

hid=ulnl-m2 
IF (fmkik.0) r lbis=M 
IF ((ABS(dx).R.xacc).a.(frnid.q.O)) GOT0 410 

400 COKTINUE 
PAUSE ' TOO MANY BISECTIONS IN NTU??? 

410 hvO(il)=mid 
RETURN 
END 

C 
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I I. Technology area 

The basic idea behind slab cooling is the exploitation of the thermal inertia of the building mass for the 
purpose of energy storage. The technology is an integral part of the ventilation system since channels in the 
slabs serve as the ducting for the ventilation air. The technology requires mechanical supply and exhaust 
ventilation . 

During the summer, the system can be run during the night (or whenever the outdoor temperature is lower 
than the indoor temperature) to store cool energy in the building mass. The "coolth is then transferred during 
the day to the supply air, thus decreasing its temperature. Part of the conditioning process takes place in the 
ductwork, where the heat exchange takes place between the supply air and the building mass. Final 
conditioning may be left for terminal units. 

Name Ari Laitinen 

Organisation : VTT Building Technology 

Address: PO Box 1804 , SF-02044 V T l  

Phone . +358-0456 4721 (direct) 

Fax +358-0455 2408 

E-mail Ari.Laitinen@vtt.fi 

[ 3. General description 

The model allows very simplified study of a false floor slab with night cooling in order to calculate: 

the cooling capacity of the slab 
the supply air temperature after the slab 
the temperatures of the slab structure . the surface temperatures inside and outside the slab. 
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The principle of false floor slab cooling is shown in Figure 1. 

Figure 1 Slab Cooling 

The general arrangement of the model is shown in Figure 2. 

INPUT'S 

Supdy air tempraturn before slab - I 

Supdy air flw rate -1 

Temprature d room air -1 

OUTPUTS 

-t Supdy air tmpratu re  afler slab 

t Net Mat to endmnment 

t Temperatures of slab n c d s  

Figure 2 Information Flow Diagram 

3 
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14. Nomenclature 

Mathematical nomenclature 

h heat conductivity of the layer ( W h K )  
d thickness of the layer 
4 area between nodes 

'"1 
(m ) 

CP specific heat capacity of the material (Jlkg,K) 
P density of the material (kg/m3) 
V volume of the part of the structure (m ) 

Dimensionless numbers 

Nu Nusselt number ( N u  = - 4 ) 
/Z 

'4 

Pr Prandl number (-) 
Re Reynolds number (-) 
f friction factor (-) 
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[ 5. Mathematical description 

The thermal behavior of the false floor is modelled by using an RC-model which is analogous to electrical 
circuit modelling. For the calculation the false floor slab is divided lengthwise into elements as shown in 
Figure 3. The nodal network for one element in the simpliest case is shown in Figure 4. In every element 
the heat capacity of the structure is reduced to three nodes and heat balance is formulated between 
nodes. For more detailed studies the nodal network can be extended using the same approach. 

Figure 3 Principle of the element division 

environment 

Figure 4 Nodal network for one element in the simpliest case 
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Heat conduction and capacity of the structure is calculated using eqns. 1 and 2: 

c = c , p v  

The heat balance for the inside surface node of an element is: 

a,. (TeirTsun in) - G5ulr.l (Taulr, in -Ti) = 0 

and respectively for the outside surface: 

a~ (T,~,M-T-) - G3..w( (T3 -T.ur,a*) = 0 

Heat balances for the internal nodes are: 
 TI CI = Gu".~(Tv,".,. - T I )  + G ~ . ~ ( T I  - T2) 

The heat balance between the air flow and the structure in evely element is: 

The convection heat transfer coefficient for the inside surface is calculated according to Kolar [ I ] :  

~ u = 0 , 0 5 8 1 4 * &  (9) 

1 6. References 

[ I ]  Kolar, V., Heat transfer in turbulent flow of fluids through smooth and rough tubes. Int. J. Mass Tr., vol. 
8. pages 639-653. 1965. 
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17. Alaorithm 

INITIALIZATION 

Set up data for the calculation 

START TIME STEP 

. Building model passes supply air temperature, air flow rate and room air temperatures to slab model 
Slab model performs a heat balance on the nodal network for current time step 
Slab model passes boundary heat fluxes and supply air temperature after the slab to the building 
model . Building model uses heat fluxes and supply air temperature to calculate new room air temperatures 
etc. 

START NEW TIME STEP 
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[ 9. Source code 

The model has been programmed as an Excel workbook (on diskette) - printout below 

C ; r Y C U A W K A T B S I S T P N I E S P N ) C Q I C L C T P N I E S ~ ~  

k n i  f i z  %3 Fhurm~ 

Qa? QW Q Qa? 
4420 a m  n.20 39 
€633 37.43 44,P %el 

C ; r Y C U A W K A T W ~ E S C F N ; C E S  
G G G 

83j66 la323 118378 
'33 111 133 
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18. Flowchart 

i 
; SET UP DATA FOR SLAB ,a 

MODEL 
' SLAB DATA 1 

/' 

' PERFORM HEAT BALANCE ON 1 THE NODE NETWORK 
I 
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1 10. Sample results 1 

As an example of the usage of the model, the thermal behavior of a typical office is presented. The 
simulated cases were heavy and light building structures combined with or Ivlthout a false floor slab. The 
dimensions of the slab are shown in Chapter 9 in the printout of the Excel wrkbook. The outside 
temperature is defined as a cosine fundion, maximum temperature +26 "C (12 o'clock) and minimum 
temperature +18 OC. The heat gains and room air temperatures are shown in Figures 5 and 6. 

TIME, h 

Figure 5 Total heat gain for office. 

Figure 6 Room air temperatures. 
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I 1. Technology area 

Computer programme for the calculation of heating capacity of an absorption cooling machine 
(ABSORPK). 

12. Developed by 

Name : Dr.-lng. Uwe Franzke, Dr.-lng. Alexander Pietsch, Dipl.-lng. Christian Seifert 

Organisation : lnstitut fur Luft- und Kaltetechnik, gemeinnutzige Gesellschaft mbH 

Address : Germany, 01309 Dresden. Bedolt-Brecht-Allee 20 

Phone : 49 (0) 351 I4081650 

Fax : 49 (0) 351 14081655 

E-mail 

1 3. General description 1 

The algor~thm calc~lates the requred heatmg capaclty of an absorption coolmg rnachme The machme 1s 
manufactured by Yo* tvoe WFC - 10 For ch~lled c e h a  aool~cat~ons the ternoerat~re of cold water vanes onlv " . .  
over a limited range, between 13 and 17 "C. In this range the COP of the cooling machine is approximately 
constant. 

The condensing and absorption heat is rejected via a cooling tower. For middle european climates the cold water 
from the cooling tower to the condenser has a temperature between 27 and 33 "C. The refrigerant is water, the 
solvent is lithium bromide. 

Heat recovery operates between the rich and poor side, which increasing the temperature of the rich and 
decreasing the temperature of the poor solvent. 

Figure 1 shows the absorption cycle. Under design conditions the temperatures are as follows: 
inlet loutlet water temperature in condenser C1: 27133'C . temperature difference between outlet water and condenser temperature: 2 K . condenser temperature: 35 'C . cold water temperature in evaporator EO: outlet I inlet: 6112°C 
the absorber A0 operates in absorption cycle mode 
heating temperature in generator GI :  inlet 1 outlet : 95 181 "C 
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TSoll 

INPUT OUTPUT 
heating capacity 

performance data of 
absorption cooling machine 

The task is to determine the power consumption of the absorption cooler as a function of the required 
cooling capacity. The power consumption is made up of the components heat energy requirement, the pump 
drive power and the drive power for the cooling tower fan. The heat energy requirement can be determined 
from the performance diagram through interpolation of the cooling capacity and the COP value for different 
temperature conditions. For pump power, constant water volumes are assumed for all operating conditions. 
The power consumption of the cooling tower fan was specified for the speed settings 4801960 rpm as being 
601340 W. 
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14. Nomenclature 

Description Units Range 

Input Variables 

TSoll inlet water temperature in condenser "C 24 up to 31 "C 

QSoll needed cooling capacity kW 0 up to 60 kW 

Output Variables 

QH needed heating capacity kW 

1 5. Mathematical description 

When providing cold water for chilled ceilings, the evaporation temperature varies within a limited range. 
The dissipation of the condensing and absorption heat is normally by way of cooling towers. In accordance 
with the air temperatures prevalent in the Central European region, cooling water supply temperatures of 
27 to 33°C are assumed. With these assumptions the operating conditions of the absorption cooling 
system are effectively predetermined. Only the heating medium temperature will vary in accordance with 
the given heat source. For this application, the absorption liquid cooler WFClO manufactured by York 
was selected. 

From the technical data (11 it can be seen that with the parameters: 
Heating water inlet 95 "C 
Cooling water inlet 29,5 'C 
Cold water outlet 9 "C 

the cooler provides a cooling capacity of 46 kW. In the performance diagram it can be observed that the 
cooling capacity and the coefficient of performance (COP) are dependent on the cooling water inlet 
temperature, the heating water inlet temperature and the cold water outlet temperature. The performance 
coefficient is identical to the thermal ratio QdQH. 

It is assumed, in order to simplify the interpolation program, that the cold water outlet temperature for 
chilled ceilings need not be lower than 13 "C. The cooling capacities and COP values for all cooling water 
and heating wdter inlet temperatures are approximately constant for cold water outlet temperat~re~of 13 
"C - 17 "C. (In future. it is intended to extend the ranae of a~~l ica t ion down to a cold water temDerature of - . . 
7 "C.) 
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1 6. References 

[ I ]  Performance data of company York for the absorption liquid cooler WFC-10 

[2] Pietsch, A,: Modellbaustein AbsorptionskBlteanlage fur .Stille Kuhlung' 
Forschungsbericht Nr.: ILK-8-5195-116 vom 1.1 1.1995 

[3] Seifert, C.: LOsungswge zur Berechnung des Betliebsverhaltens und Energieverbrauch der 
~om~onen ten  der Stillen Kuhlunga. 
Forschungsbencht Nr : ILK-B-4/96-2500 vom 12.01 1996 

17. Algorithm 

Input values for the simulation program are: . 4 constants for the cooling capacity and COP value for each of 3 cooling water inlet temperatures: 

K1 - K12, C1 - C12. 

the required cooling capacity QSOLL, . the cooling water inlet temperature TSOLL 

; Require moling capadfy OSdl 
!' Cmling water inlet t-alure 

TSoll 

i Module ABsoRPK 
I Calculab of heating energy OH I i I 

! 

+ 
/ , 

Heating energy OH i 



IEA-BCS Annex 28 Detailed Design Tools for Low Energy Cooling Absorption Cooling Chapter M 

1 8. Flowchart 1 

- 
I Calmlabon of lhe mual  tempetature fw tlme segment k 

._.I 

/+dual tempeta-'\,. 
,{ ture within tderance ,:a- .. . range? ,,, '' 

, ,  .,' 

N w  d t n g  capacity 
j i 

, -  * 1 
j Aciual d i n g  capacity mcdule ABSORPK ; i 
! __.-----__ 
i 
/ Rmm a r  temperalure dwla t ion wllh mual  

L 
d i n g  capecity b the time segment k 1 

I 

I , 
- * - _ 
I i / Preparatim frx calculation of neli time segment k+l  
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1 9. Source code 

Modul ABSORPK ILK-Dr.PietscWSeifert-12/95 
a Calculation of a absorption cooling machine 

Input variables: TSoll cwling water inlet temperature 10Cl 
QSoll needed cooling capacity ikWl 

* Output variable: QH needed heating capacity ikWl 

Constants for York WFC 10: 

DATA 24,24.5.35.5,47.5.59,0.7,0.72.0.77.0.78 
DATA 29.5.22.28.37.5.46.5,0.68.0.7,0.73.0.73 
DATA 31,15,24,31.5.44,0.52.0.615.0.7.0.715 
READ TI,  K1, K2, K3, K4. C1, C2, C3, C4 
READ T2. K5, K6. K7. K8. C5. C6, C7, C8 
READT3, Kg, K10, K11, K12, C9. C10, C11. C12 
QH = 1000 

TSoll = 24 'cold water temperature from cwling tower 

Plausibility: 

IF TSoll c 24 AND TSoll> 31 THEN QH = 0: END 

Calculation: 

IF TSoll > T I  THEN GOT0 A3 

A: 
IF QSollc= K1 THEN 

QSoll = K1 
QH = K1 / C1 
GOT0 EndSorp 

ELSE -- ~ 

IF QSoll> K2 THEN GOT0 A1 
CSoll = C1 + (QSoll - K1) ' (C2 - C1) / (K2 - K1) 
QH2 = QSoll I CSoli 
Test = QH2 - QH 
IF Test c -100 THEN 

QH = QH2 
GOT0 EndSom 

ELSE 
QH = QH2 + (QH - QH2) ' (TSoll - T I )  / (T2 - T I )  
GOT0 EndSor~ 

END IF 
END IF 
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Al :  
IF QSoll< K3 THEN 

CSoll = C2 + (QSoll - K2) ' (C3 - C2) I (K3 - K2) 
OH3 = QSoll / CSoll 
Test = QH3 - QH 
IF Test < -100 THEN 

QH = QH3 
GOT0 EndSorp 

ELSE 
QH = QH3 + (QH - QH3) ' (TSoll - TI)  I (T2 - TI) 
GOT0 EndSorp 

END IF 
END IF 

A 2  
IF QSoll< K4 THEN 

CSoll = C3 + (QSoll - K3) ' (C4 - C3) / (K4 - K3) 
OH4 = QSoll / CSoll 
Test = QH4 -QH 
IF Test < -100 THEN 

QH = QH4 
GOT0 EndSor~ 

ELSE 
QH = QH4 + (QH - QH4) (TSoll - T I )  / (T2 - T I )  
GOT0 EndSor~ 

END IF 
ELSE 

QSoll = K4 
QH=K4/C4  
GOT0 EndSorp 

END IF 

A3: 
IF TSoll> T2 THEN GOT0 82 

B : 
schleifb = schleifb + 1 
IF schleifb > 100 THEN STOP 

IF QSoll> K5 THEN 
IF QSoll> K6 THEN GOT0 B1 
CSoll = C5 + (QSoII - K5) ' (C6 - C5) / (K6 - K5) 
QH6 = QSoll / CSoll 
Test = QH6 - QH 
IF Test < -100 THEN 

ELSE 
QH = QH6 + ( Q H - Q H ~ ) * ( T S O I I - T ~ ) / ( T ~ - T ~ )  
GOT0 EndSom 

END IF 
ELSE 

QSoll = K5 
QH=K5/C5  

END IF 
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81: 
IF QSoll c K7 THEN 

CSoll = C6 + (QSoll - K6) (C7 - C6) 1 (K7 - K6) 
QH7 = QSoll I CSoll 

Test = QH7 - QH 
IF Test c -100 THEN 

QH = QH7 
GOT0 A 

ELSE 
QH = QH7 + (QH - QH7) ' (TSoll - T2) 1 (T3 - T2) 
GOT0 EndSorp 

END IF 
END IF 

IF QSoll c K8 THEN 
CSoll = C7 + (QSoll - K7) ' (C8 - C7) I (K8 - K7) 
QH8 = QSoll I CSoll 
Test = QH8 - QH 
IF Test c -100 THEN 

QH = QH8 
GOT0 A 

ELSE 
QH = QH8 + (QH - QH8) ' (TSoll - T2) 1 (T3 - T2) 
GOT0 EndSorp 

ELSE 
END IF 
CSoll = C4 - (C4 - C8) ' (TSoII - T I )  I (T2 - TI)  
QH = QSoll 1 CSoll 
GOT0 EndSorp 

END IF 

82: 
IF QSoll c K9 THEN 
QSoll = K9 
QH=K9 lC9  
GOT0 EndSorp 

ELSE 
IF QSoll> K10 THEN 

ELSE 
CSOll= C9 + (QSoll - Kg) ' (ClO - C9) 1 (K10 - Kg) 
QH = QSoll 1 CSoll 
GOT0 B 

END IF 
END IF 

IF QSoll c K11 THEN 
CSoll = ClO + (QSoll- K10) (C11 - C10) 1 (K11 - K10) 
QH = QSoll 1 CSoll 

END IF 
IF QSoll c K12 THEN 
CSoll = C l l  + (QSoll - K11) ' (C12 - C11) 1 (K12- K11) 
QH = QSoll 1 CSoll 
GOT0 8 

ELSE 
CSoll = C8 - (C12 - C8) ' (TSoll - T2) 1 (T3 - T2) 
QH = QSoll I Csoli 
GOT0 EndSorp 

END IF 
EndSorp 
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1 10. Sample results I 
Inputs 

Tsoll = 29,5 "C 

Qsoll = 46 kW 

Output 

QH = 63 kW 

Temperature range 

cold water temperature = 13 .. . 17 "C 




