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Summary

Solar energy is a time-dependent energy resource. The demands for energy are aso time
dependent but in a different fashion than the solar energy supply. Consequently, energy hasto
be stored if solar energy is to meet substantia portions of these energy needs. One of the

most economicaly feasble methods of solar storage is afluid storage tank.

Before choosing the proper size and performance of athermd fluid Storage, it is important to
make caculations with the whole system. The TRNSY S software package has been used
extensvely for therma system andlyss. It has a modular structure and consgts of individud
subroutines which represent real physica devices or utility components. The components can

be connected together to form complex systems.

One of these components is the TY PE 4 multi-node model. The tank is modeled as N fully
mixed volume segments. The degree of temperaiure drdification, which increases the
effectiveness of a sorage tank, is determined by the choice of N. Higher values of N result in

more Sratification.

Although the current TYPE 4 tank model has been proven to be an accurate component, it
has some limitations. Outlet flows are fixed at the tank top (load flow) or tank bottom
(collector flow). The tark has dways two inlets and two outlets. Inlet flow rate from one

source are automatically the outlet flow rate to the same source. The output of the losses to



the exhaust of a gas auxiliary heater are added to the losses to the environment. Only tanks of

circular cross section can be used.

The god of this project is to modify the current TYPE 4 modd. The new TY PE 4 includes
severd new features which make the tank more versatile. Inlet and outlet positions can be
located anywhere in the tank. Inlet flow rates from one source do not have to be
automaticaly equd the outlet flow rate. Also the tank need not have two inlets and two
outlets, it can have less than four flows, and gill satify a mass balance for the whole tank.
Thelosses to the exhaust flue of an optiond gas auxiliary hester are output separately from the
losses to the environment. The cross section of the tank can be circular or rectangular. The
new mode calculates the difference in dtatic pressure between the top of the tank and each
inlet and outlet pogtion. This option is needed to smulate a thermosiphon system.  Further,
the conduction between the tank segments (nodes) is considered. Since tanks may destretify
more rapidly due to naturad convection a user specified parameter has been added to the

conduction coefficient.
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coefficient in the discrete equations
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indde surface area of the auxiliary heater exhaust
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Greek Symbols

a [-]
aj []
ao [

b [1°C]
b [-]
bi [
bo [

g [
di [

d [m
di-n  [m]

overall hegt loss coefficient between the tank and
the environment

overdl hest |oss coefficient to the exhaust flue of
an in-tank gas auxiliary heater

overd| heat |loss coefficient to the gas flue

of anin-tank gas auxiliary heater for nodei

tank volume

volume of the plug flow segments

fluid velocity a the inlet-port

contral function in the parameterlist

control function for node i
control function for node i
thermd expanson coefficient of the fluid
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control function for nodei
control function for nodei
control function for nodei

control function for nodei

wall thickness of the auxiliary heater exhaust tube

axiad digance between the centers of the ith node
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di+y [ axid digance between the centers of the ith node
and the node below

e [-] control function for the auxiliary heater

t [hr.] time (integration variable)

(ta) [-] transmittance- absorptance product

r [kg/mS] tank fluid dengity

r [kg/nd] fluid density of the ith node



CHAPTER 1

I ntroduction

1.1 Thermal Energy Storage

Solar energy is not available congantly. The energy demand of most domestic and indudtrid
gpplications are aso time dependent, but the time of need usudly differs from the solar energy
supply. Consequently, the storage of energy is necessary if solar energy is to meet substantia

portions of these energy needs.

1.1.1 Propertiesof a Hot Water Storage

For most domestic solar systems, water is the ided materid to store thermal energy. Water
has excellent therma properties, which includes a high energy storage per unit volume. It is
plentiful, essentidly free, non toxic and nonflammable [1]. The ability to pump the fluid from
place to place, dlows for the addition and remova of energy by transport of the storage
medium itsdlf, thus eiminating the temperature drop between transport fluid and storage
medium [2]. Problems with usng water in solar systems include the possihility of freezing,
corrosion in collectors and tubes, and potable water hygienic regulations, dl of which could

require a separation between the collector loop and the tank water [3].



1.1.2 Stratification

The dengity of fluidsis afunction of temperature and decreasing dengity occurs with increasing
fluid temperature. As aresult, fluid in tanks will tend to dratify with the hotter fluid on top of
the colder. Thermd dratification in storage tanks of a solar water heater has a sgnificant
positive effect on the efficiency of the sysem. Pumping cold fluid from the bottom of the tank
to the solar collector decreases the hest loss from the collector. Pumping hot water from the
top of the tank to the load means that less auxiliary heating will be required. The dengty
difference between the tank top and bottom can aso produce a flow in the collector loop of a
naturd circulation syssem. A hot storage tank temperature is desired in order to meet the
energy demand with acceptable delivery temperature. Sharp and Loehrke [4] showed in
experiments that low flow rate thermally dratified solar water hesters are able to ddliver
sgnificantly more solar energy to the load than fully mixed tanks. A computer smulation of
gmilar systems has shown that if an optimum collector flow rate is used, the performance can

be 37% higher than a corresponding system with a fully mixed tank [5].

Loss of dratification of the therma storage tank results from convective mixing, both forced
and natura and to lesser extent from conduction between hot and cold fluid layers.
Maintaining therma dratification requires that mixing in the tank be minimized. Mixing
depends on the design of the tank and the operating conditions (eg. flow rate and
temperature of incoming fluid streams and the temperature digtribution in the tank). Forced
convection mixing is due to the momentum of the fluid streams entering the storage tank and
depends on the flow rate of the entering stream and the design of the inlet. Mixing due to
natural convection occurs when the fluid entering the storage tank is colder or hotter than the

surrounding fluid. Differing fluid dendties give rise to anatural convection current which mixes



the tank. Verticd conduction within the storage wadl tank can adso give rise to natura
convection currents. Fuid near the wall is cooled to the mean tank temperature faster than is
the bulk of the fluid in the tank. The resulting horizonta temperature digribution drives a
natural convection [6]. Thermd dratification is closdy rdated to hydrodynamic stability and
buoyancy effects. Chandreskhar [7] and Turner [8] indicate that the Richardson number has
an impact in the formation and growth of the thermocline.

gbDOTH
) (1.2)

Ri:

Vetkamp [9] indicates that mixing occurs for Richardson numbers less than the critical value
of 0.25. Experiments performed by Loehrke and Holzer propose that good stratification in a
tank with turbulent incoming fluid requires a Richardson number as high as4.7.

1.2 Energy Systems Simulation

A mathematical modd of a physica systlem conssts of a set of coupled equations relaing the
sysem’'s physica parameters. The equations used are based on the known laws of nature
plus a set of assumptions that emphasize the most important aspects of the system. Choosing
the proper assumptions is a very important task of a modder. Andytic solutions are
preferable for eucidating the effects of parameter variations. Except for the most smple
models, it is unusud to find a set of equations that has a closed form solution. However,

numerical solutions are sufficiently accurate for alarge number of complicated sysems|[2].



1.2.1 Introduction to TRNSYS

TRNSYS is primarily desgned to smulate the transent performance of themd energy
systems, so that energy systems can be designed as economicaly as possble. TRNSY S uses
amodular approach to solve therma energy systems. It requires an input file in which the user
specifies the components that conditute the sysem and the manner in which they are
connected. Fig. 1.1 shows atypica solar domestic hot water syslem (SDHW) consisting of a
solar collector, therma storage, auxiliary heater, heat exchanger, pumps and controllers. For
each of these components (and more) there exists a program module in the TRNSY S library,
which describes the transent behavior of the module.

Tempering Valve To L oad
Vamm F>_® ‘ -
I
Collector \\ Hot :
|| Water |
Storage |
! Tank
Contrloll & : Main

I
I Pump Auxiliary Tank
and Heater

Collector Pump

From Mains

Fig. 1.1 Typicad Solar Domestic Hot Water System
1.2.2 Modding of Thermal Energy Fluid Storage



Fuid dorage smulations are important to eiminate expendve and time consuming
experimental dudies. The engineer is more flexible in changing tank parameters like volume,

height, initid temperature, etc. in asmulation than in an experiment.

1.2.2.1 Hot Water Storage

Hot water tanks for diurna storage applications are undoubtedly the most common energy
storage device and, as expected, modeling of hot water storage has received more attention
than any other kind of energy storage moddiing. The performance of a water tank system
depends on the amount of water present, the shape and materid composition of the tank, the
amount of externd insulation, the Sizes and locetions of the inlets and outlets, and the water
flow rate. Thermodynamic and hydraulic process within the tank can be very complex.

Nevertheless smplified models can usudly represent this behavior accurately enough.

1.2.2.2 Stratification Simulation

Water tanks may operate with significant degrees of drdtification, i.e. with the top of the tank
hotter than the bottom. Many dratified tank models have been developed; they fdl into either
of the two categories. In the fird, the multi-node approach, atank is divided into N nodes
(sections), with energy balances written for each section of the tank. The result isa set of N
differentia equations that can be solved for the temperatures of the N nodes as functions of
time. In the second, the plug flow approach, segments of liquid at various temperatures are
assumed to move through the tank in plug flow, and the modeds are essentidly bookkeeping
methods to keep track of the size, temperature and position of the segments. Each of these
approaches has many variations and the selection of a mode depends on the use to which it



will be put [1]. The effects of numerica diffuson, to gpproximate the red dratification in a
tank, can be somewhat dleviated if the storage tank is divided into many fully mixed segments.
The problem with increasing the number of segments is that the computation time then aso
increases. Therefore, a proper number of nodes should be chosen. Klenbach [10]

investigated the proper sdection of the number of nodes.



1.2.2.3The TRNSYSTYPE 4 Multi-Node M odel

The TYPE 4 modd gpproaches the therma diratification of the tank by assuming that the tank
conggts of N fully-mixed volume segments, as shown in Fg. 1.2. Higher vauesof N resultin
more gdratification. A maximum number of 15 nodes can be chosen. For the specia case of
N=1 the tank is modeled as a fully mixed tank and no drétification effects are possble [10].
To decrease the computation time it is possible to specify unequa sized nodes. This makes it
possible to have more nodesin the better dratified than in the less Sratified part of the tank.

mH,TH—>—‘ ’—me,Tl
1

° Tj_ i Tenv

mH,TN<—| |—'<— my, T,

Fig. 1.2 N-Node Tank

The modd optiondly includes two electric resistance heating € ements, subject to temperature
and /or time control. The control option alows the addition of eectrical energy to the tank
during sdlected periods of each day (e.g., off-peak hours). The dectric resistance heaters
may operate in one of two modes. The fird mode, a master- dave rdaionship, dlows the
bottom heating element to be enabled only when the top dement is satisfied. In this control



mode, it isimpossible for both heaters to be on smultaneoudy. In mode 2, both heaters may
be on smultaneoudy. Thisdlowsfor quicker heating of the storage tank, but dso a sgnificant
higher dectric demand. Mode 1 is common to most domestic hot water gpplications. The

auxiliary heaters employ a temperature deadband. The hester is enabled if the temperature of
the node containing the thermodiat is less than (Tg - ?Tyy) Or if it was on for the previous

interval (the period between the current and the time step bevor) and the thermostat

temperatureislessthan Ty .

In many circumstances, the tank may not be uniformly insulated or users may wish to account
for pipe entrances on the storage tank. 1t is possible to incrementally insulate certain nodes of
dratified tanks by the specification of additional parameters.

The modd alows for losses to the exhaudt flue of an in-tank gas auxiliary heater. The overdl
heet loss to the gas flue, UAg, and the average flue temperature when the auxiliary is not

operating have to be specified [11].

The governing differentia equation for theith nodeis asfollows

M.C, ﬂ =q ﬁ'ﬂheat Ci(The - T) D, ﬁ'ﬂloadcﬂ (T

T
i )

+ 0 ﬁ;f(i-l) Cn (T(i-l) - Ti) +di ﬁ"(i+1)Cf (T(i+1) - Ti) (1-2)

t e 'aux,i - (1' e)UAgﬂ,i(Ti - Tg|)‘ UAi (Ti - Tenv)

where the control functions are;

a. =1, if fluid from heat source enters node i, O otherwise

b.

=1, if fluid returning from load enters node i, 0 otherwise



of =1, if thenetflow nf,. .. enters nodei from the node above

(i-1)

= -1, if thenetflow ¥ .., goesfrom nodei to the node above

(i-1)

=0, if thereis no flowstream between node i and the node above

d, =1, if thenetflow nf ., entersnodei from the node below
=-1,if nf,,,, goesfrom nodei to the node below
=0,if nf,, =0

e =1, if auxiliary ison, O otherwise

Equation (1.2) is solved andyticdly each time step (Dt) for every node of the tank. TRNSY'S
provides a subroutine, cdled “DIFFEQ” to solve andyticd solutions for firg-order linear

differentid equationsthat are written as

el =al +b (1.3
dt

(1.2) can be easlly transformed into aform like (1.3), aand b would yield the following

equations (1.4) and (1.5):
a=- Ci(a M, +b M, +g ﬁ‘f(i—l)-l-di ﬁV'f(i+1))' (1- e)UA ;- UA, (1.4
b= Ci(a; Mg e 0y Mooy Trrging + 0 My Ty iy Ty
(1.5)

- (1- eUA, T, - UA T

1 env



10

Equation (1.3) has the solution:

_ by ot b
T, (t+Dt)—§Ti(t)+age -~ (1.6)
The average temperature over the time step 2 is defined as:
_ Ct Ct ;
To= L oT (t+t)dt —i aner (t)+ e . DOy (17)
D ag
Integration of (1.7) yidds:
b
T, = 07 (o 1) 2 1.8
T ant ( ) a (18
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CHAPTER 2

Modificationsto the TYPE 4 M odéel

2.1 Inletsand Outlets

The TYPE 4 tank modd is charged and discharged directly, meaning that the incoming
charging and discharging flows are not separated from the tank fluid. The tank has inlets and
outlets for the charging flows to and from the heat source and flows to discharge the tank to

and from the load or another component.

2.1.1 Current Modd

The mode currently in use aways has two inlets and two outlets (Fig. 1.2). The outlets are
aways located at the same node positions. The outlet to the load is located in the top node
and the outlet to he heat source is located at the bottom node. There are three modes
available to locate the inlets. In mode 1 (fixed inlet pogtions), flow streams enter the tank at
fixed podtions. This means that they will not change during the entire smulaion. The load
flow enters at the bottom of the tank and the hot stream source enters just below the node
where the top auxiliary is located, if present, or a the top of the tank if no auxiliary is

gpecified. At the end of each timeinterva, any temperature inversonsthat exist are diminated



by mixing of the appropriate adjacent nodes.

12
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In mode 2 (variable inlet pogitions), the flow stream enters the node which closest matches it
in temperaiure. For example, for the five-node tank shown in Fig. 2.1, water from the
collector would enter node 3, where its dengity nearly maiches that of the water of the tank.

With sufficient nodes, this permits a maximum degree of drdification in the multi node modd.

T,=52°C
I:T-H,TH r:nLl-I_]_
|
| T,=58°C
|
| T,=850C
I
T, =50°C
Tenv
T,=45°C
T,=38°C

B~ T

Fg. 2.1 Tank with Varigble Inlet Positions

In mode 3 (user designated inlet position), the user must specify the nodes containing the load
flow and source flow inlet locations. This inlet locations remain fixed for the entire Smulation.
The inlet and outlet locations are specified as node positions. In this mode the inlet positions
have to be changed if the number of nodes changes to maintain the inlet podtions. The inlet

flow rate from one source into the storage is assumed to be the same outlet flow to this source
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(e.g. collector or load). Thus, the flow rate entering the tank from the heat source my; is
equa to the outlet flow rate to the heat source my,. In asmilar manner the inlet flow rate

from theload m; is equd to the outlet flowrate to the load m .

=, =1, 2.1

My, = M, = M, (22

The resultant flow between the nodes is ether up or down. If the collector flow rate my is
larger than the load flowrate m, the net flow between the two inlets goes down. An
assumption employed in this modd is, that the fluid streams flowing up or down from each
node is fully mixed before it enters the adjacent segment. Fig. 2.2 shows an example of the
flow streams between the nodes in a 5 node tank with the collector inlet in node 2 and the
load inlet in node 4. The outlet positions in the current modd are automatically at the top or a

the bottom. Due to this redtriction only the top and bottom nodes have externa flows ot.
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mL > mH mH > ML
1 —— ML 1 —— ML
mH —» 2 mH ——m 2
T mL - M- MH - ML
\|
3 3
A
m - My My - ML
Y
4 - M 4 - M
My lmH
Y
my <a——| 5 MH ~a—— 5

Fig. 2.2 Net FHowsin a5 Node Tank Example

2.1.2 Variablelnlet and Outlet Positions

To have the highest effectiveness in a hot fluid storage, it should have the outlet to the heet
source at the “cold” bottom of the tank and the outlet to the heat source at the “hot” top of the

tank. This fact becomes clear by looking a equation (2.3) for the efficiency of a flat-plate
collector, where Tj,, isthe temperature of the fluid returned to the heat source.

T,-T
h=Fr(ta)- FRUL—( n - env) (2.3)

If atank is connected to the collector, the inlet collector temperature is the temperature of the

outlet flow from the storage tank. The lower the inlet temperature the higher the efficiency of
the collector.
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Nevertheless, some tanks do not have the outlet positions at the top or bottom. If the tank is
used as a cold fluid storage the mogt effective performance would be to have the outlet to the

chiller a the top and the outlet to the load at the bottom.

The new model requires the user to specify both inlet and outlet positions. The inlet and outlet
positions can be specified at any height or they can be specified as non existent. The locations
are specified as distance from the tank top (in meters). The program will transform the metric
height into the respective inlet or outlet node for further cdculations indde the code. This
option dlows the user to change the number of nodes in a smulation without changing the inlet

and outlet positions as well.

2.1.3 Inlet and Outlet Flow Rates

In some systems the inlet flow rate from one source into the storage tank will not automaticaly
be the same as the outlet flow from the tank to the same source. E.g. a system could have no
flow from the load to the storage, but instead have an additiona flow into the heat source
directly from the mains (Fig. 3.1)1) . Another system with different inlet and outlet flow rates
to and from a component is a two tank system with a collector and an auxiliary tank (Fig.
3.4)1 . The auxiliary tank has only an inlet from the collector tank and an outlet to the load.
To amulate such systems, the user specifies non exigtant flows a the missng inlets and outlets.
Any one of the remaining flow streams has to be specified as unknown and is calculated

through an mass balance for the whole tank, equation (2.4). If one of the flow rates are

1) This Figure is showed in the next chapter
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negdive, i.e. an inlet flow isredly an outlet flow or vice versa, the program will terminate with

an error message.

2.1.4 Mass Balance

The new options for the inlet and outlet flows and the variable outlet locations require a

modified mass flow baance for each node. Fig. 2.3 shows the possible flow stream in and

out of one node: flows in from the heat source My; and from the load My ;; outlet flowsto the
heat source My, and to the load M ; flow to adjacent nodes below My and above My;

flow from adjacent nodes below M;;.1y and above M)

m(i-1) Mu

My ———— ————MHo

m; ——p —= Mo

md m(i+1)

Fig. 2.3 Mass Baance for One Node

A mass baance for the ith ssgment is then

(- 1) + Py + MMy + G = 0, + D+ 0 + 0 (24)
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If there are flows between two adjacent nodes in both directions (up and down), the program

cdculates with the net flow between the nodes.

Fig 2.4 shows a flow chart of the code for the energy balance. The flow chart is a do loop
which caculates the flows used in the energy balance for every node starting with the top
node and ending with the bottom node. Firgt the externd net flow FL3 for the top node is
caculated as the difference between the externd inlet flow FL; and outlet flow FL, of the
current node. If the external net flow does not equa O, the ret flow F is going down from
the top segment to the adjacent node below or is coming up from the adjacent node below
into the first node. If Fs is negative, the flow stream FLg is coming up from the node below
into the top node. Otherwise, the flow FL; (FL; = |FL3|) goes down to the node below
(node 2). After cdculating the energy baance for the first node, the loop switches to the
second node and calculates its externa net flow FL3. The flow from the node above FL,, is
the flow FL; from the former node stored in FL4s Aswell isthe flow to the node upon FLg,
the flow to the former node FLg stored in FLgs A mass baance caculates FlLg, the flow
down to the next node below if FLg is positive, or from the node below into the second node

if FLg isnegative. The same method follows for the remaining nodes.



FL,=FL,=.. =FL8

Exi
=Flyg = FLgg= O; N=1, NEQ -
ai:bi:aO:bO:O

Node = FL, = my;
Coll. Inlet aj=1
?
Node = FLy=FLy + my; |
Load Inlet bj=1
FLg=|FL3 |
FLo= myo | FLes=FlLs
ag=1
FL7 = FL3 ;
FLyg=FLy
FL, =FL, + my,
bg=1
FL3 = FLl - FL:
Node= Y
Nodel ?
FI—4S = FL5
FL,=Flyg o | FLe=FL3+Fly
Fle = Fles *Fls-Flg FLg = |FLg|
] FLGS = FL5
Energy bdance (25)

Fig 2.4 Do Loop to Cdculate the Node Flow Streams
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2.1.5 Energy Balance

Due to the fixed outlet positions a the top and bottom node, the current model has flow
streams through every node during charging and discharging periods. With the new option of
multiple outlet postionsit is possble to have nodes without any net flow during charging and
discharging of the tank. This may yidld to an unredigtic high temperature distribution between
the nodes with and without flows (Fig. 3.10)Y). Also the natural convection due to the “cold”
dorage tank wall and differing fluid dengties, which resultsin "mixing”, should be consdered.
The conduction, kg, between hot and cold water layers has rather a negligible effect in the
energy transfer between adjacent nodes. In the new mode the user specifies the conductivity
of the tank fluid ky and an additional number, Dk, which takes the effective and the naturd
convection into consderation. The following differentia equation yields to the energy balance
for theith node of the Storage:

T . . . ]
e Gy Vt% =Gy (a;My T, +by, T, - a,nf,, T, - byf T,

o i Lo " i

+FL, Ty +FLs Ty - FLeT, - FL,T))

+(Dk, +kﬂ)A§T(i-1)‘ T) +(Ti - T(i+1))2
: d(i-l) d(i+1) 7]

)' (1' e)UAgﬂ (Ti - Tg|)

(2.5)

- UAI (TI - Tenv
Where d;. 1y and dj+1) are the axid distances between the ith node center and the centers of
the nodes above and below and a;, a,, bj, and b, are control functions, which are either on

or off (1 or 0).

1) This Figureis showed in the next chapter
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The ith node temperature, after the changes due to flows, conduction, effective convection
and losss is the solution of the first order differentid equation, which has the form of

equation (2.5). If the ith node includes the thermostat of an auxiliary hester, and the node
temperature is less than the set temperature Ty, auxiliary energy is added to increase the

node temperature.

2.2 PressureDrop

In some system performances the pressure drop between the inlets and outlets of the tank and
the collector can replace the pump. This makes the system in generd more smple and
effective, because no pump and complex controller is needed and the reatively high energy

consumption of the pump can be saved.

2.2.1 Natural Convection Systems

Circulation in passve solar water hegters such as that shown in Fig. 2.5 occurs when the
collector warms up enough to establish a dengity difference between the leg induding the
collector and the leg including the tank and the feed line from tank to collector. The dengty
difference result in a pressure difference which drives the flow of the fluid around the loop.
The dengty difference is a function of temperature difference, therefore the flow rete is a
function of temperature difference.  Under these circumdances, these systems are sdf-
adjugting, with increasing gain leading to increasing flow rates through the collector. For good
buoyancy it isimportant to locate the storage above the collector.
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Fig. 2.5 Thermosyphon System

2.2.2 Hydrostatic Head

In the case of athermasyphon system it isimportant to know the pressure difference between
the inlet and outlet on both the collector and load side of the storage. Therefore the pressure
drop between the tank top and the in- and outlets has been added as new outputs. Instead of
a pump, this pressure drop could be the driving force for the natural convection of the
working fluid through the collector into the tank. The pressure drop is calculated as following
integrd:

H2

Dp=g ¢j (T)dh (2.6)

H1
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In the multi-node modd every node is fully mixed and has one temperature, so every node has
a uniform dengty. With N nodes and the height of every node Dh, equation (2.6) can be
approximated as

Dp:gél- (r(T;) Dh;) (27)

The temperature dependent density of water is caculated for every node with the function in
(2.8) which approximates the relationship between the water temperature and its dengity:

r(T) = (9.9998306 E2+1.8224944E 1 T, - 0.0079221T 2
- 5.544846E - 5T.> +1497562E- 7T, (2.8)
- 3.932952E - 10 TS) / (1+ 18159725E - 2T,)

Fig. 2.6 shows aplot of (2.8).
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Fig. 2.6 Approximated Function for the Density of Water over the Temperature

2.3 Tank Flue L osses

In the old modd there is one output for the tank losses. This includes the losses to the

environment, and if a gas auxiliary is specified in the user deck, the losses to the exhaust flue
of anin-tank gas auxiliary heater. The overal heat loss coefficient to the gas flue, UA g, and

the average flue temperature, Ty, When the heater is not operating, have to be specified by
the user. The new mode outputs the losses to the environment separately from the tank flue
loses. These offer a better overview of the storage tank losses during the times when the gas

auxiliary hegter is off.
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2.4 Tankswith Non Cylindrical Cross Section

To extend the posshility of smulating tanks with different geometric structures, tanks with
any uniform cross section can be smulated in the new modd. A cylindrical cross section
provides the smdlest tank surface area and therfore smdler energy losses than other tank

shapes. The energy losses to the environment Q’env for a tank with the perimeter Per; , is

given by:

. N
Q. A UPerH(T, - T

i=1

env) +Vt / Ht (Ubot (TN - Tenv) + Utop(Tl_ Tenv)) (29)

The user has the option to specify the heet transfer coefficient of every node. This option
provides the possibility of considering nodes with different heat loss coefficients, eg. a the
nodes where the tank inlets and outlets are located. Because this nodes normally have a
larger heat loss coefficient as other tank nodes. The sum of the energy loss of every node plus
the losses through the bottom and top area of the tank yield the tank losses to the

environment.

To cdculate the losses to the environment with non-cylindrica tanks, the user has to specify
the perimeter of the tank cross section. If the tank is cylindricd the parameter input has to be

specified as any negative number and the program automatically calculates the perimeter.



CHAPTER 3

Systems Simulations with the M odified M odel

In this chapter smulations with the modified tank modd have been developed. The following
examples of systems demondtrate the performance of a solar water heater for a selected
location and month (Boulder, March 1994). Bascdly the system performances consst of a
flat-plate collector, fluid therma water storage, pump, a controller which activates the pump

and awater supply from the mains. The smulations are based on following data:

The weather data are hourly values of solar radiation and ambient temperature of the second
week in January 1994 at the 40°N Latitude (Boulder). The solar collector conssts of one
glass cover, and has an area of 6.5 . The collector has a dope of 40° and faces directly
south.  The working fluid in the collector loop is water, and the pump in the collector loop
operates with a flow rate of 300 kg/hr. The pump which supplies the load and the main flow
into the storage provides a flow rate of 21.4 kg/hr. To turn the collector pump on or off, a
controller senses the collector inlet and outlet temperature. It is desregble to have the pump
remain off until the collector outlet water temperature is a least 10°C above the inlet water
temperature. The upper dead band is 10°C and the lower dead band is 1 °C. The tanks
have an overal loss coefficient, U, of 0.4 W/(K n¥) or 1.44 kJ/(hr °C n?) in TRNSYS
units. The initid tank temperature is 60°C and the ambient temperature around the tank is
21°C. Theload draws 300 kg of water per day evenly distributed in a constant flow of 21.43



kg/hr over the day from 7:00 am. to 9:00 p.m.. The water from the main has a temperature
of 15°C.

3.1 Unequal Inlet and Outlet tank Flows

Tanks with flows, as described in chapter 2.1.3, where the outlet and inlet flows from and to
another component, are different can now be smulated with the modified TYPE 4 tank
modd.

3.1.1 Tank without a Cold Inlet Flow

Fig. 3.1 shows adiagram of a system performance without a direct cold flow into the storage

and a flow from the mains directly into the collector loop. The mains flow and the outlet flow

My will be mixed together before entering the collector.
My Mo
o

Solar ToLoad
Radiation

N

Tank

From Mains

Fig. 3.1 Sysem Configuration with a Tank without aCold Inlet How



To amulate the system performance, a flow mixer is added to the components indicated
above. The flow mixer smulates the function of a tegpiece which completely mixes two inlet
streams of the same fluid at different temperatures. The storage tank model has 3 nodes. The
inlet and outlet to the heat source are located in the top and bottom node, and the outlet to the
load in the top node. The storage is caculated with that mode which guarantees the best
gratification. Fig. 3.2 shows the node temperatures of the tank; TOP, MID and BOT with

the collector temperature COLL over time.

20

_20 11 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 20 40 60 80 100 120 140 160

Time [hr.]

Fig. 3.2 Collector and Node Temperatures of the Tank without a Cold Inlet Flow

In those periods when the storage pump is off and the load pump is on, the temperatures of

the tank nodes decrease rdatively fas. Whenever the main pump is off the node



temperatures decrease only dightly due to the losses to the environment. While the storage
pump is running the high internal mass flow in the tank, mixes the node temperatures so thet
they are dmost equa. Fig. 3.3 shows the flowrate through the collector, COLL, and the

lower time dependent load flowrate, LOAD, every day from 7:00 am. to 9:00 p.m..
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300 g o . |
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50 |
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0O 20 40 60 80 100 120 140 160

Time[hr.]

Fig 3.3 Collector and Main Flow Rates

Whenever the main pump runs and the collector temperature is lower than the main flow
temperature (15 °C), the system works as a chiller. Therefore, when the main pump is

running, such a system performance only makes sense if the collector temperature is higher



than the temperature of the mains. The same holds true if the temperature of the mains is
lower than or equd to the environmental temperature. However, the syssem simulation could

show the proper mass flow caculations of the new tank mode!.

3.1.2 Two Tank System

A system performance which makes more sense for practical gpplications, is a system with 2
connected tanks (Fig. 3.4). One collector tank has a cold flow from the mains and an outlet
flow to the heat source and an auxiliary tank without a cold flow in and without an outlet flow

to the heat source. Both tanks are smulated with a volume of 0.39 .

. >
Solar
Radiation ToLoad
\ Call. AuX.
Tank Tank
From Mains

Fig 3.4 System Performance with Two Storage Tanks

The smulated results of this syslem performance demondrate that this type of sysem can

supply sgnificantly more energy to the load than a single collector tank with the same tota



dorage volume. Fig. 3.5 shows the temperatures of the auxiliary- and collector tank over the

samulation time of one week.
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Fig. 3.5 Auxiliary and Collector Tank Temperature Profile

Both tanks are amulated as fully mixed tanks. The temperature distribution between the two
tanks is congderable. The auxiliary tank temperature curve is much smoother than the curve
of the collector tank temperaiure. The auxiliary tank also usualy has a higher temperature
than the collector tank, especidly whenever the tank pump is not running.

Fig 3.6 shows the temperature profile of the collector tank (COLL.T.) and the auxiliary tank
(AUX.T.), compared with the average temperature of alarger three node tank (LG. T.) in a



one tank system smulation with the same data and the same storage volume, but without the

auxiliary tank.
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Fig. 3.6 Temperature Profiles for a One Tank and a Two Tank System

The average temperature of the larger tank amost aways lies between the temperature of the
auxiliary and that of the collector tank. While the main (load) pump isrunning  (7:00 am. -
9:00 p.m.) and the storage pump is off, the auxiliary tank temperature is higher than the other

two tank temperatures.



Fig. 3.7 shows the rate a which energy is removed from the auxiliary tank of the one tank
system compared to that of the large tank of the one tank performance to the load. Both
systems are ca culated with the same wegther, collector and load data. Even though the large
tank was cdculated as a dratified three node tank, and the auxiliary tank and collector tank
were smulated as fully mixed tanks, the auxiliary tank supplies more energy to the load than
the large single tank. This increase in performance is due the fact that the collector tank
dampens out the temperature spikes in the auxiliary tank. Thus the average temperature in the
auxiliary tank, which supplies the load, is higher than in the larger tank.
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Fig. 3.7 Energy Supply to the Load from the Auxiliary Tank and the Larger Tank



3.2 Multiple Outlet Positions

Two smulations were performed with the four node tank system shown in fig. 3.8; one with

the inlets and outlets at the top and bottom node and the other with the inlets and outlets at the

second and the bottom node.

Mui TolLoad
o
Solar ' A
Radiation : |
\ | N1 |
N 7. - !
Storage
N3 Tank
N4
mHo ML
3 From Mains

Fig. 3.8 System with Multiple Tank Inlets and Outlets

Fig. 3.9 shows the tank temperatures for the system with the inlets and outlets in the top and

bottom node. In the previous modd the outlets were aways located in this postions. The

flow stream goes through every node during the charging and discharging periods of the tank,

thus decreasing the temperature dratification of al four nodes during charging and discharging

periods.
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Fig. 3.9 Temperature Didtribution with the Inlet and Ouitlet a the Tank Bottom and Top

Fig. 3.10 shows temperatures for a sysem similar to the one above but with the load outlet
and the collector inlet in the second node. In this configuration, there is no flow sream in the
first node. The temperature of the first node decreases only because of the losses to the
environment. Theresult is, that the first and the second node temperature deviate up to 20 °C
or more during the discharging periods. In redlity the temperature profile & the tank top
would be much more smilar to the rest of the tank, due to the momentum of the incoming

flow. Also the temperature deviation between the colder fluid near the wall and the hotter
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fluid in the center would result in a difference of dendity, which in turn would produce a natura

flow indde the tank.
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Fig. 3.10 Node Temperatures with the Inlets and Ouitlets in the Second and Bottom Node

3.3 Effective Convection and Conduction

In the new TYPE 4 modd the user has to specify the conductivity of the tank fluid kf| and an
additiond factor Dkeff, which modds mixing during charging and discharging and the natura
convection into congderation. If only the low heat conduction of water k,, (0.6 W/(m K))

is used there is dmost no change in the temperature curves, it is actudly negligible. The node
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Temperatures in the diagram in Fig. 3.11 are cdculated with the conduction of water cond,,
and an effective convection factor Dk of 50.
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Fig. 3.11 Effective Convection Factor Dkgss of 50

In Fig. 3.9 and Fig. 3.10 one can well differentiate the periods without any flow stream as
amogt horizonta pardld lines in the temperature curves. Compared to this the temperature
curves caculated with an effective convection factor of 50 (Fig. 2.14) are much smoother.
Due to the higher mixing of the node temperatures, the periods of non flow are bardy
diginguishable.
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In Fig. 3.12 the same cal culation was made with an convection factor Dk of 100.
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Fig. 3.12 Effective Convection Factor Dk of 100

Which effective convection factor DK+ IS heeded, depends on the conditions under which the
tanks operates, eg. if itisalow or high flow system, if the naturad convection due to the tank
wall is high or low. One should aso take the plume entrainment into congderation, which will
cause dedratification. Plume entrainment occurs most often in the late afternoon when the
avallahility of solar energy has decreased and the top of the tank is ill hot. Degtratification
results when the incoming fluid is cooler than the upper portion of the tank. As a reault,

buoyancy force will drive the incoming fluid down the tank and causes mixing.
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3.4 Tank Flue L osses

Fig. 3.13 shows a tank, which has an in-tank gas auxiliary heater. In the case of a gas hester,
the user has to specify the temperature of the gas flue, Ty, and the total conductance for heat
loss to gas flue, UA 4, during the times when the hegter is not operating.

f

tank-
insulation gasflue
\
N * lgt
Gas-
heater

Fig. 3.13 Tank Example with a Gas Auxiliary Hegter

An example of atank simillar to the onein fig. 3.13 ismade. For acylindrica tube:

= + + (3.

UA h.A. kA h A

The free convection coefficents for gas insde, and water outside, the tube were choosen to

be:

W
A and h, =500 —— 3.2
i mZK o] mZK ( )
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Assuming the materid for the tube for the exhaudt flue is Sainless sted (AISI 304) with an

average conductivity Kk, for temperatures between 200 K and 400 K:

k:14.6ﬂ (3.3
Km

Theindde, outsde and middle aress for the heat transfer are;

A - A
A =pdl, A =pd,l, A =—°". (3.4)

' In@‘l‘?

eA o

With the following dimension for height, diameters and wall thickness of the tube :
lqy=15m d, =10cm d,=9.6cm d=2mm

The overdl conductance for heat loss to gas flue when the auxiliary is not operating becomes:

kJ
UA 4 :4.4w or 16
K hr.°C

A single tank without any other system components was smulated. The water inside the tank
has a volume of 3 n®, and is divided into 5 nodes, al of which have an initid temperature of
60 °C. An auxiliary heater with a maximum heating rate of 16 000 kJhr. is located in the
bottom node. The set temperature, Tset, Of athermodat in the fifth node is 50 °C and the
dead band temperature is 10 °C. A congtant flow at arate of 50 kg/hr and a temperature of

30°C is entering the tank in the bottom node. The same flow rate is leaving the tank in the top
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node. The overal heat loss coefficent per unit area, U, is 1.5 kJ/ (hr. m? °C) and the totdl
conductance for hest loss to the gas flue when auxiliary is not operating, UAgg, is 16 kJ/(hr.
°C), as was calculated above. As seen in Figs. 3.14 and 3.15 the heater turns on when the
bottom node, which is specified as thermodtat location for the auxiliary, reaches the
temperature of 40 °C (Teet-Tap)-
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Fg. 3.14 Node Temperatures
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Fig. 3.15 Auxiliary Energy Added by the Gas Auxiliary Hester

The auxiliary is switched on and off four times during the Smulation period of the second days.
Fig. 3.16 isa graph of the tank losses. The times when the auxiliary is off, heet is transfered
from the tank into the exhaust of the gas flue. The losses to the environment are decreasing
and increasing with the average temperature of the nodes. Due to the increasing average node
temperatures during the times when auxiliary is added, the losses to the environment are

increasing in this periods too.
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Fig. 3.16 Tank Losses
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CHAPTER 4

Proposed Future Research

4.1 Parameters, | nputs and Outputs

The current verson of the TRNSY S smulation package includes two different fluid storage
models, based on different approaches. The multi-node model, which was modified during
this project, and the plug flow modd, which provides the maximum temperature dratification
in the tank. Currently, the input and output files of the two models are different. This means
that if the user wants to switch from one modd to another, he/she would have to change the
whole parameter and input list of the tank and aso the inputs of the components which are
connected to the outputs of the tank. Due to the advantages of one or the other model in
severd stuaions the user should have the capabiility to switch easily from one to the other
mode. Thisis adso important to compare a Smulation system including the plug flow model
with one induding the multi-node modd. Idedly changing from one tank modd to another
could be performed by just changing the type number in the TRNSY S deck.



4.1.1 Introduction to the Plug Flow M odé

Kuhn [11, 12] developed a diretified fluid storage tank modd which is based on the
assumption of plug flow of the fluid up or down in the tank. During charging or discharging of
the tank, increments of volume segments of fluid from ether the collector or load enter the
tank a an gppropriate location. The incoming segments of liquid are assumed to shift the
position of dl existing segments in the tank between the inlet and the return. The sze of a
segment depends on the flow rate and the time increment used in the computetion. Fig. 4.1
illugtrates the concept of the modd.

Top Bottom

collecto 1
flow V\l\‘ T

¥ load flow

timet =t + Dt
2 1

\% \% \% vV V fraction of volume
5

Fig. 4.1 Concept of the Plug Flow Modd [11]
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In the example of Fig. 4.1, the tank isinitidly divided into four ssgments of Volume V;. In one
time step, the heet source delivers a volume of liquid, Ve, equa to nf,Dt/r a a
temperature Theg - ASSUMINg that They IS greater than Ty, then anew segment is added &t the
top of the tank and the entire profile is shifted down. At the same time, a volume of fluid,
Vioag» returns from the load, with Vg equa to i, Dt/ r . and temperature Tyains is less
than T, then a segment is added a the bottom of the tank and the whole profile is shifted
upward. Step one and two are shown sequentidly athough they occur smultaneoudy. The
net shift of the initid profile is equa to the difference between the tota heat source volume and
load volume, Vheat-Vioad (downward if positive). The segments and/or fractions of segments
whose positions fal outside the bounds of the tank are returned to the heat source and load.
The plug flow modd provides a tank with maximum temperature dratification and tends

rather to over predict the energy outpui.

4.1.2 Parametersin the Multi-Node and the Plug Flow M odel

A component may receive three types of information: inputs, parameters and time. The
information flowing from the component is its output. The incoming data from other
connected components (subroutines) isitsinput. Parameters of a TRNSY S component have
to be specified by the user and are congtant over the entire smulation time. For example, in
the case of a storage the volume and height, the fluid densty etc. would be entered as
parameters. Due to the unequd options in the type 4 multi-node modd and the type 38 plug
flow model, the number of parameters in each modd are unequd. For example the multi-
node modd offers two in-tank auxiliary heaters, while the plug flow modd has so far only one
auxiliary heater.  The multi-node mode has the capability to specify the height and hesat loss
coefficient of every node, while the height of the plug flow segments can't be specified, they
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are afunction of inlet and outlet flowrate. To switch easily from one tank mode to the other,
the user should have to change as few parameters as possble. Therefore, either some options
which are missng in one subroutine should to be added to the other or the additiona
parameters of one tank mode should be placed at the end of the parameter ligt. If the number
of parameters includes this optiona parameters they are read by the code otherwise they are
just ignored. In case of the in-tank auxiliary heater, it would be preferred to add a second
heeter to the plug flow modd, Thus extending the capabilities of the modd. The option of
multiple node heights and node hest loss coefficient can't be added into the plug flow mode
because the plug segments are caculated automaticaly insde the code. Therefore, this option
should be specified through control functions, which are parameters themselves, as on/off
options. Two parametersin the parameter list could look like following:

31 a control function for height of nodes
1 - user specified heights of nodes
0 - dl nodes have the same height
32 b control function for incrementa hegt transfer
1 - user specified node hest transfer coefficient
0 - dl nodes have the same hegt trandfer coefficient

If either one of the specified control functions a or b are 1, the user pecified node height
and/or the incrementd heat transfer coefficient of each node has to be added in the parameter
lig.
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4.2 Tank Modd with Indirect Charging and Discharging

Indirect charging of a storage means that the fluid flowing through the collector loop, is
separated from the storage fluid ether by an externd or an in-tank heat exchanger. If the load
flow is separated by an heat exchanger from the fluid in the storage, this is caled indirect
discharging. Even though direct charging and discharging of a tank yieds a higher
effectiveness, tanks in colder regions, where the water in the collector loop could freeze,
require a working fluid containing antifreeze.  Therefore the drinking water in the load loop
must be separated from the water with antifreeze by a heat exchanger. There are different
ways to combine the storage with the heat source, HS, and the load. Fig. 4.2 shows
some possihilities: In @ the storage is charged and discharged directly. In b), ¢) and d)
charging and/or discharging are performed with externd heat exchangers. In b) the tank is
charged directly and discharged indirectly. In ¢) it is vice versa and in d) both loops are
separated by heat exchangers. €) and f) show the same configurations but with internal hest
exchangers integrated in the tank. Systems @) through d) could be smulated with the current
type 4 tank modd and a TRNSYS heat exchanger component. d) through €) can't be
smulated because the current tank mode includes no in-tank hest exchangers. A new model
that incdludesin-tank hest exchangers is being developed.
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Fig. 4.2 System Configurations with a Fluid Storage Tank
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Appendix A: TRNSY S Component Configuration of the New TYPE 4

PARAMETER NO. DESCRIPTION

1 N Number of Nodes

2 Mode: 1 - max. dratification mode

2 - user designated inlet positions

tank geometry

3 Vi tank volume (m?3)

Hi tank haght (m)
5 Per. rectangular tank perimeter

any negative number if cylindrica tank
inlet and outlet heights from bottom, if not exigtant less than zero

6 IN1 (call.) inlet 1 (m)
7 OouT1 (call.) outlet 1 (m)
8 IN2 (load) inlet 2 (M)
9 ouT2 (load) outlet 2 (m)

fluid and wal data

10 Cpf fluid specific heat (kJkg°C)

11 r¢ fluid dengity (kg/m?3)

12 Ut overd| tank loss coefficient per unit area (k¥hr-m2-C)
13 k thermd conductivity of fluid in tank (kJhr-m- C)

14 Dk additiona conductivity due to the conduction of the

walls plus naturd convection.
15 Thoail boailing point temperature of fluid in Sorage tank (°C)



Auxiliary heaters (electric or gas)

Aux. heater 1
16 AuxMod
17 Ih
18 Ir1
19 Tset, 1
20 DTdbu,1
21 DTdbl,1
22 QHE1
Aux. heater 2
23 )
24 Iro
25 Tset,2
26" DTdbu,2
27 DTdbu,2
28 QHE2

Gas aux. heater
29 (UA)

operation mode of auxiliary heaters
1=master/d ave relationship where bottom dement is
enabled only when the top dement is satisfied
2=both hesters can be on smultaneoudy
height of thefirgt auxiliary hegter (m)
less than zero if not exigtant
height of the first thermostat is located (m)
first thermogtat set temperature (°C)
first thermostat upper temperature
deadband (°C)
first thermostat lower temperature deadband (°C)
maximum heating rate of first auxiliary hester (kJ/hr)

height of the second auxiliary hegter
height of the second thermostat
lessthan zero if not exigtant

second thermogtat set temperature (°C)
second thermostat upper temperature deadband (°C)

second thermostat |ower temperature deadband (°C)
maximum hesating rate of second auxiliary heater
(kJhr)

total conductance for hest lossto gas flue when

auxiliary is not operating (kJhr-°C)

30 THue

average flue temperature when auxiliary is not
operating (°C)

* The upper deadband is not yet included. Insert any number.



Different height of nodes and different heat transfer coeff. of nodes

31 a control function for height of nodes
1 - user specified heights of nodes
0 - dl nodes have the same height
32 b contral function for incrementa heet transfer
coefficient
1 - user ecified additiona hest transfer
coefficient (Par (12) + DU; )
0 - dl nodes have the same heat transfer coefiicient

(DU;j=0)
If a=0andb =0 No more parameters are required
Ifa =1orb =1then
33 Hq height of first node
34 DU, additiona hest tranfer coeff. of first node

32+2N-1 Hy  heghtof bottom node
32+2N DUN additional heet tranfer coeff. of bottom node



INPUT NUMBER DESCRIPTION
Mass flows:
1 MINL massflow rate a inlet 1 (kg/hr)
2 MouUT1 mass flow rate at outlet 1 (kg/hr)
3 MIN2 massflow rate a inlet 2 (kg/hr)
4 MouT2 mass flow rate at outlet 2 (kg/hr)
1-4 -1 =doen't exist
-2 = snlve for this mass flow. One of the existing mass
flowsmust be =-2
5 TN temperature of fluid a inlet 1 or lessthan zero if inlet 1
not existant (°C)
6 TiN2 temperature of fluid a inlet 2 or lessthan zero if inlet 2
not existant (°C)
7 Tenv temperature of environment (°C)
8" (optiond)  ghtr,1 enable Sgnd for firg heeting dement
9" (optiond)  ghtr,2 enable sgna for second heating element
OUTPUT NUMBER DESCRIPTION
1 MIN mass flow a inlet 1 (kg/hr)
2 MouUT1 mass flow rate at outlet 1 (kg/hr)
3 MIN2 massflow at inlet 2 (kg/hr)
4 MouT?2 mass flow rate at outlet 2 (kg/hr)
5 TouT1 temperature at outlet 1 (°C)
6 TouT?2 temperature at outlet 2 (°C)

* Typically input from external controller or TY PE 14 forcing function. Default valueis 1.



rate of energy loss to the environment (kJhr)
energy input rate to tank at inlet 1 (kJhr)

rate at which energy isremoved at outlet 1 (kJhr)
energy input rate to tank at inlet 2 (kJhr)

rate a which energy isremoved at outlet 2 (kJ/hr)
rate at which auxiliary energy is added by the internd

heaters (kJhr)
rate & which auxiliary energy is added by the first

internd heater (kJhr)
rate a which auxiliary energy is added by the second

internd heater (kJhr)

7 Qenv

8 Qinl

9 Qoutl

10 Q2

11 Qout2

12 Qaux

13 Qaux,1

14 Qaux,2

15 O

16 DE

17  Ta

18  DPiny

19  DPouti

20  DPpp»

21 DPourt2

2 T

21+N Ty
DERIVATIVE NO.

1-N T1-N

energy losses into the flue of the auxiliary hester
internd energy change of the tank (kJ)

average storage temperature (°C)

pressure diff. between tank top and inlet 1
pressure diff. between tank top and outlet 1
pressure diff. between tank top and inlet 2

pressure diff. between tank top and outlet 2

temperature of first node (tank top) (°C)

temperature of Nth node (°C)

DESCRIPTION

initia temperature of the fluid in the tank segments (°C)



Appendix B: TRNSYS - Decks.

Deck 1:

ASSIGN \TRNSY SIAMIKEEX2BM1.LST 6
ASSIGN \TRNSYS14AMIKEEEX2BM1.PLT 11
ASSIGN \TRNSY SIAMIKEEX2BM1.0UT 12
ASSIGN \TRNSY SIAWEATHERWINTER.DAT 10

* k kkk kk kk kk Kk kkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkk*kk*x

EXAMPLE FOR A SYSTEM WITHOUT A COLD TANK INLET FLOW
SOLAR RADIATION AND AMBIENT TEMPERATURE OF THE
SECOND WEEK IN JANUARY 1994 IN BOULDER (COLORADO)

* ok ok K % ok F

* k k kkkk ok ok ok khkkhkkhkkhkkhkkkkkkkkkkkhkkhkhkkkkk k%

SIMULATION 0. 168. 0.25
WIDTH 72

UNIT 9 TYPE 9 CARD READER
PARAMETERS 11
26 10 -541.8680.0 60.555556-17.7773 10 -1

UNIT 16 TYPE 16 SOLAR RADIATION PROCESSOR
PARAMETERS 9

311840.4871.0.2 1

INPUTS6

9,5 9,19 9,20 0,0 0,0 0,0

0.0 0.0 0.0 0.7 40. 0.0

UNIT 1 TYPE 1 COLLECTOR

PARAMETERS 14
11654.191500.7150.0-141910.10.0
INPUTS 10

11,111,211,29,6 16,6 16,4 16,5 0,0 16,9 16,10
60.0.00.01.10.0 0.0 0.0 0.70.0 40.0

UNIT 2 TYPE 2 PUMP CONTROLLER
PARAMETERS 4
3 10. 1.0 100.



INPUTS 4
1,145 46 21
15. 60. 60. 0.



UNIT 3 TYPE 3 PUMP
PARAMETERS 4

300. 4.19 100. 0.
INPUTS 3

45 42 21

60. 00 1

UNIT 11 TYPE 11 FLOW MIXER
PARAMETERS 1

1

INPUTS 4

*T1 M1 T2 MDOT2
313200 141

60. 0.0 15. 0.0

UNIT 6 TYPE 6 HEATER
PARAMETERS 5
9999999. 60. 4.19 0. 1.0
INPUTS 4

4,6 4,4 0,0 0,0

60. 0.0 1. 20.

UNIT 14 TYPE 14 LOAD
PARAMETERS 12
0.0,0.0 7.0,0.0 7.0,21.43 21.0,21.43 21.0,0.0 24.0,0.0

UNIT 4 TYPE 4 TANK

PARAMETERS 32

*NODE NR. MODE VOL H PERHIN1HO1HIN2HO2 CPF RO
3 2 039165-115010.1 -1 4.191000
*ULOSS COND DK TBOIL AUXMOD

144 0 0100 2

*HAUX HTST TSET TDBU TDBL QAUX

1414 40 0 2 16000

0303 40 0 2 16000

*UAFL TFL ALPHA BETA

002000 O

INPUTS9

*MHI MHO MLI MLO TH TL TENV

1,2 0,0 00 141 1,1 00 0,0 0,0 0,0

00-2 -1 0015 150 210 O O



DERIVATIVES3
60. 60. 60.

UNIT 24 TYPE 24 INTEGRATOR
INPUTSS

16,6 1,3 4,7 6,3 4,8

0.0 0.0 0.0 0.0 0.0



UNIT 25 TYPE 25 PRINTER
*PRINT RUNNING TOTALS OF INTEGRATION RESULTS EVERY 24 HOURS
PARAMETERS 5

24, 24. 168. 12 1

INPUTS 5

241 242 243 245 24,4

TOTSOL TOTQU QENV QTANK TQREQ

KJ KJ KJ KJ KJ

UNIT 26 TYPE 25 PRINTER
PARAMETERS5

025 0. 168. 11 2

INPUTS 8

41 4,2 4,3 4,4 417 4,22 4,23 4,24

MI1 MO1 MI2 MO2 TAVG T1 T2 T3

END

Deck 2:

ASSIGN \TRNSY SIAMIKEEX2B2SLST 6
ASSIGN \TRNSYSIAMIKBEEX2B2SPLT 11
ASSIGN \TRNSY SIAMIKEEX2B2S.OUT 12
ASSIGN \TRNSY SIAWEATHERWINTER.DAT 10

* kkkkkkkk kk Kk kkkhkkkhkkhkkhkkhkkhkkhkkhkkkhkkkhk Kk Kk *%x

2 STORAGE TANK SYSTEM (COLLECTOR T. AND AUXILIARY T.)
SOLAR RADIATION AND AMBIENT TEMPERATURE OF THE
SECOND WEEK IN JANUARY 1994 IN BOULDER (COLORADO)

B A O

* k kkk kkkkkhkkkkhkkkhkkhhkkhkkhkkkhkkkkhkkkkkkKx kK%

SIMULATION 0. 168. 0.25
WIDTH 72

UNIT 9 TYPE 9 CARD READER
PARAMETERS 11
26 10 -541.8680.0 60.555556-17.7773 10 -1



UNIT 16 TYPE 16 SOLAR RADIATION PROCESSOR
PARAMETERS 9

311840.4871.0.2 1

INPUTS 6

9,5 9,19 9,20 0,0 0,0 0,0

0.0 0.0 0.0 0.7 40. 0.0

UNIT 1 TYPE 1 COLLECTOR
PARAMETERS 14
11654.191500.7150.0-14.1910.10.0
INPUTS 10

3,13,23,29,6 16,6 16,4 16,5 0,0 16,9 16,10
60.0.00.01.10.0 0.0 0.0 0.70.0 40.0

UNIT 2 TYPE 2 PUMP CONTROLLER
PARAMETERS 4

3 10. 1.0 100.

INPUTS 4

114546 21

15. 60. 60. O.

UNIT 3TYPE 3 PUMP
PARAMETERS 4

300. 4.19 100. O.
INPUTS 3

45 42 21

60. 0.0 0.0

UNIT 6 TYPE 6 HEATER
PARAMETERS5
9999999. 60. 4.19 0. 1.0
INPUTS 4

56 54 0,0 0,0

60. 0.0 1. 20.

UNIT 14 TYPE 14 LOAD
PARAMETERS 12
0.0,0.0 7.0,0.0 7.0,21.43 21.0,21.43 21.0,0.0 24.0,0.0

UNIT 4 TYPE 4 COLL.TANK

11



PARAMETERS 32

12039165-111114.19 10001.4400 1002

11400216000

11400216000

0.0 20.000

INPUTS9

*MHI MHO MLI MLO TH TL TENV
12 00141 141 1,1 0,0 00 0,0 0,0
00 -2 00 00150150210 0 O

DERIVATIVES1

60.

12



UNIT 5STYPE4 AUX.TANK
PARAMETERS 32
12039165-111114.19 1000 1.4400100 2
11400216000

11400216000

0.0 20000

INPUTS9

*MHI MHO MLI MLO TH TL TENV
14,1 0,0 0,0 14,1 45 0,0 0,0 0,0 0,0
-2 -1 -1 00600-1 210 0 O
DERIVATIVES1

60.

UNIT 24 TYPE 24 INTEGRATOR
INPUTS 7

16,6 1,3 4,7 5,7 6,3 48 5,8
0.0 0.0 0.0 0.0 0.0 0.0 0.0

UNIT 25 TYPE 25 PRINTER

*PRINT RUNNING TOTALS OF INTEGRATION RESULTS EVERY 24 HOURS
PARAMETERS5

24, 24. 168. 12 1

INPUTS 8

241 242 41 43 49 243 245 24,4

TOTSOL TOTQU TANKN TANKT DELTAU QENV QTANK TQREQ

Kl KI C C KJ KJ KJ KJ

UNIT 26 TYPE 25 PRINTER
PARAMETERS5

025 0. 168. 11 2
INPUTS 4

4,18 5,18 4,17 5,17

DPC DPA TC TA

END








