
Performance Study of One-Dimensional Models

for Stratified Thermal Storage Tank

by

Eberhard Markus Kleinbach

A thesis submitted in partial fulfillment of the

requirements for the degree of

Master of Science
(Chemical Engineering)

at the

University of Wisconsin-Madison
1990



Abstract

The performance of a solar domestic hot water system (SDHW) is affected by the

temperature distribution in the storage tank. Therefore, accurate modeling of a SDHW

system requires an accounting for the thermal stratification in the storage tank.

TRNSYS, a transient system simulation program developed by the Solar Energy

Laboratory, has been proven to be an accurate program in predicting and analyzing solar

thermal and other energy systems.

TRNSYS uses two basic concepts for stratified storage tank models. In the multi-node

approach, the tank is divided into N nodes, with energy balances written for each node.

This results in a set of N differential equations that can be solved for the temperatures of the

nodes as a function of time. In the plug flow approach, segments of liquid of different

temperatures and sizes are assumed to move through the tank in plug flow manner. The

sizes of the fluid elements are determined by the simulation time step and the flow rates.

Whenever the incoming fluid from the heat source is colder than the fluid at the top of the

tank, "plume entrainment" occurs. Plume entrainment has been built into both the multi-

node and the plug flow model.

So far there have been no guidelines concerning the employment of the TRNSYS tank

models under various operating conditions. Therefore, a performance study of the

TRNSYS tank models has been carried out using experimental data from two different

sources. Data for low heat source flow rates were obtained from Queen's University,



111

Kingston, Ontario and data for high heat source flow rates were obtained from Colorado

State University, Fort Collins, Colorado. Three numbers have been defined to describe the

performance of the different tank models in predicting the experimental data. The results

are discussed in detail and recommendations as to which tank model should be used under

which conditions are given.

The results suggest that the use of the fully mixed tank model is never appropriate.

Relationships between the number of nodes to be used for the multi-node models and the

mean number of tank turnovers have been developed which are useful as a guideline for

choosing the most appropriate number of nodes for given operating conditions. The plug

flow model with plume entrainment is suggested as an alternative to the multi-node models

for a mean number of tank turnovers less than five.
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Chapter 1

Introduction and Literature Review

1.1 Energy Storage

For time-dependent energy resources, e.g. solar energy, there is a necessity of energy

storage if these resources are to meet substantial portions of energy needs that are also time-

dependent but in a different fashion. A variety of ways to store thermal energy is

conceivable, e.g. in the form of sensible heat of a liquid or solid medium, as heat of fusion

in a chemical system or as chemical energy of products in a reversible chemical reaction. In

some cases energy conversion may be required.

The choice of the storage medium depends on the nature of the process considered.

For water heating systems, energy storage as sensible heat of stored water is logical.

Water as storage medium also has the advantages of high specific heat (which prevents the

storage device to become overly bulky), benign character, low cost and availability in

abundance.

The performance of a thermal storage device is affected by a number of factors. The

more important ones are (i) its thermal capacity; (ii) the temperature range over which it

operates; (iii) means of addition or removal of heat and the temperature differences

associated thereafter, (iv) the temperature stratification in the device and (v) the thermal

losses from the device. This thesis is particularly concerned with the phenomenon of

thermal stratification in hot liquid storage tanks.
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1.2 Thermal Stratification

The term "thermal stratification" suggests a discontinuous temperature field. Though such

is impossible the term corresponds well with our image of the phenomenon. In general

thermal stratification means that the temperature of the fluid increases with the elevation.

1.2.1 Factors affecting Thermal Stratification

Stratification in a thermal storage tank will depend mainly on the design of the tank, the

size, location and design of the inlets and outlets and the flow rates of entering and leaving

streams. Lavan and Thompson [1] carried out an experimental study of thermally stratified

hot water storage tanks. They concluded that stratification improves with increasing height

to diameter ratio of the tank, increasing temperature difference between the inlet and the exit

water, increasing inlet and outlet port diameters and decreasing flow rates. Best results

were obtained when the inlet and outlet ports are near the end walls and when the flow is

directed towards these walls. Gari and Loehrke [2] investigated specially designed inlet

manifolds which introduce water into the tank with minimum mixing between fluids of

unlike temperatures.

There are four primary "destratification factors" which contribute to the loss and/or

degradation of the stored energy. These are : (i) the heat losses to the ambient; (ii) heat

conduction from the hot layer to the cold layer, (iii) vertical conduction in the tank wall

which along with (i) induce convective currents (mixing) and (iv) mixing introduced during

charge and discharge cycles.

Much work has been done to investigate the effects of factors (i) to (iii). Computational

analyses by Miller [3] have shown that if the tank wall conductivity is close to that of the

water and if in addition the heat losses to the ambient are small, then the temperature is



essentially constant in the radial direction and negligible convection currents arise. The

calculation of vertical temperature profiles, as outlined by Jaluria and Gupta [4] for this

case, is straightforward. These calculations also show that the degradation process is very

slow, requiring several days. Since many charge and discharge cycles usually occur

during this time frame, conduction through water is not considered as a major source of

destratification. However, for a Plexiglas tank with no insulation, heat losses from the

sides severely degrade stratification [4]. The effect of such heat losses is particularly

important for small tanks. Alternatively, if the tank walls are highly conductive, then the

walls will approach the average temperature in the tank. Hess and Miller [5] have shown

that this causes convective currents which destroy stratification. Experimental and

numerical work revealed that the thermocline in an aluminum tank degraded ten times faster

than that in a glass tank [3]. Later experiments by Sherman et al. [6] confirmed that the

thermocline degradation is indeed considerably accelerated by highly conductive walls.

The effect of inlet jet mixing during charging (iv) has been investigated by Sliwinski et

al. [7]. They have found that the height of the mixing region, when non-dimensionalized

by division by the tank height, appears to be a unique function of the Richardson number,

defined by

Ri= gATH
w2  (1.1)

where g = acceleration of gravity

13 = thermal expansion coefficient of the fluid

AT = temperature difference between the temperature of the inlet fluid and the

initial tank temperature

w = fluid velocity at the inlet port

H = height of the tank



The experiments performed by Sliwinsky et al. propose that the height of the mixing

region rises sharply for Ri < 0.5. This critical Richardson number, however, may be

dependent on the inlet port configuration. Experiments by Loehrke and Holzer [8] showed

that good stratification was not achieved at a Richardson number as high as 4.7, since the

incoming flow was turbulent. A second mixing phenomenon, called "plume entrainment"

will be discussed in section 2.3.

1.2.2 Effect of Stratification on the Performance of Solar Domestic Hot

Water (SDHW) Systems

The thermal performance of a SDHW system, an example is shown in Fig. 1.1, depends

on the temperature distribution in the storage tank, which is affected mainly by the collector

flow rate. High collector flow rates (about 50 kg/(h m2 collector area)) were traditionally

used in forced flow SDHW because a high collector flow rate improves the collector

efficiency curve by increasing the collector heat removal factor as explained in Duffie and

Beckman [9]. However, high collector flow rates will cause the storage tank to be at nearly

uniform temperature due to a large amount of mixing.

A thermally stratified storage tank, obtainable at low collector flow rates, can improve

system performance. This has been noted by several researchers as early as 1979 [10 -

13]. However, there is a discrepancy between various studies as to the degree of system

performance enhancement possible. Some studies indicate improvements as high as 20 %

while others show no improvement potential. Although the collector heat removal factor

decreases by reducing the collector flow rate, the collector efficiency may be increased by

supplying the collector with cold water from the bottom of a stratified tank because of

lower collector thermal losses. This becomes clear by looking at Eqn (1.2) for the

efficiency of a flat-plate collector as evaluated by Hottel and Whillier [14] as



U= - FR (a) - FR UL (TrerTenv)
Ac IT IT

where Tj

Ac

IT

FR

(Ta)

UL

Tret

Tenv

= collector efficiency

= rate of useful energy gain

= total collector aperture area

= total radiation incident on the collector per unit area

= collector heat removal factor

= transmittance-absorptance product

= overall heat loss coefficient between the collector and the environment

per unit area

= temperature of the fluid returned to the heat source (in this case collector)

= temperature of the environment

It is apparent that the trade off between the reduced collector heat removal factor and the

reduced collector losses must be addressed when identifying an optimal collector flow rate.

In general the optimal collector flow rate will be the maximum flow rate possible that does

not cause hot water to circulate through the collector either by tank mixing or overcharging.

In practice the optimal collector flow rate is found to be about one seventh of the

traditionally used flow rate.

The reduction of the collector flow rate has two additional effects. Firstly, the collector

outlet temperature and therefore the temperature at the top of the storage tank will be

increased. This increases the quality (i.e. thermodynamic availability) of the energy

available. Secondly, substantial savings may be realized through initial system cost

reductions; low flow systems allow major reductions in piping, pumping, plumbing and

heat exchanger costs.

5

(1.2)



Tempering Valve
to Load

Auxiliary Tank
and Heater

Pump

Fig. 1.1 Typical Solar Domestic Hot Water System

1.2.3 Stratification Description

Several attempts to define a stratification coefficient have been made in order to

quantitatively determine the effect of a stratified thermal storage tank on the overall

performance of a SDHW system. Three models of interest have been developed by

Phillips and Dave [15], Wu and Bannerot [16] and Koldhekar [ 17].

The Phillips stratification coefficient, Ks, is defined as the ratio of the actual useful

energy gain to the useful energy gain that would be achieved if there were no stratification

in the storage tank and can be written as

KS = FR Fh Ac [(ta) IT - UL (Tret-Tenv)]
FR Fh Ac [(Ma) IT - UL (TmeaniTenv)I (1.3)

6
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where Fh = heat exchanger penalty factor

Tmen = mean tank temperature.

This ratio utilizes the Hottel, Whillier [14] and Bliss [18] model for defining the useful

energy gain. The Phillips stratification coefficient is reported as an all day integrated value

based on the solar input hours only.

The model defined by Wu and Bannerot was originally confined to the study of

horizontally placed storage tanks. The stratification factor, ST, is defined as the mass

weighted mean square difference between the temperature of the water in the ith element

and the average temperature of the water in the tank and is therefore

ST =S=MiiTmen)2

i=1 r (1.4)

where N = number of fluid elements in the tank

Mi = mass of the fluid in the ith element

Ti = temperature of the fluid in the ith element

MT = total mass of the fluid in the tank.

Tmean = mean tank temperature

A fully mixed tank has a stratification coefficient of zero whereas a stratified tank would

have a stratification coefficient greater than zero. The actual value of ST for the stratified

case is based on the individual tank geometry and the temperature distribution inside the

tank. This coefficient is a measure of the instantaneous stratification in the storage tank and

has units of (0C)2.

The stratification number defined by Koldhekar, , is the product of two ratios: the

ratio of the actual temperature difference, ATactu.i, to the ideal temperature difference,



ATideal, between the top and the bottom of the storage tank and the ratio of the actual

average temperature, Tmean,actual, to the average temperature for a linear temperature

profile, Tmejdeal, in the storage medium. In equation form this is written as

ATactual Tmeatual
ATideal Tmean, ideal(1.5)

This number provides an indication of the energy content available from the storage tank

and the temperature level at which the energy is available. The ideal top temperature is

limited by the boiling point of the water and the ideal bottom temperature is limited by the

temperature of the mains water. A value of zero indicates a fully mixed tank. For a

stratified tank this stratification number is greater than zero and is also dependent on the

temperature scale used.

1.2.4 Modeling Stratification in a Hot Liquid Storage Tank

1.2.4.1 Review of proposed Models

A number of models have been developed to account for thermal stratification in hot liquid

storage tanks. However, the levels of sophistication with which these models were

developed are quite different. One-dimensional, two-dimensional and three-dimensional

models exist. The simpler and therefore computationally less expensive models are suitable

to be used for simulating annual performance of energy systems, e.g. SDHW systems.

The more detailed models require significantly more computing time but can shed

considerable light on the phenomena inside the tank, such as temperature and velocity

distributions.
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Traditionally, thermally stratified storage tanks have been modeled one-dimensionally

by assuming the tank to be made up of N uniform temperature, fixed location disks [19,

20] as described in section 2.1. Energy balances (involving entering and leaving streams,

losses to the environment and possibly auxiliary energy input) for each of these disks are

solved each simulation time step. Alternatively, isothermal disks of variable sizes

(governed mainly by the flow rates and the simulation time step) moving in plug flow

manner through the tank were modeled [20, 21] as described in section 2.2. A minimum

amount of mixing is introduced in both models when the incoming fluid streams are

directed to the level where they are closest to the disk temperatures (variable inlets). More

mixing is introduced when the incoming fluid streams enter the tank at fixed locations and

temperature inversions are corrected by mixing of appropriate disks (fixed inlets).

Since it is desirable to achieve a plug-type flow by placing the inlet hot (cold) liquid at

the uppermost (lowermost) portion of the tank or by using specially designed inlet

manifolds [2] with minimum mixing with the existing fluid in the tank, one-dimensional

modeling efforts are somewhat justified.

Han and Wu [22] proposed a one-dimensional model which includes the mixing effects

due to viscous entrainment by the incoming stream of the tank. The model incorporates

heat source and load circuits. Mass and energy balance equations are derived for both

circuits and solved using an implicit finite difference technique. An additional equation

describing the rate of entrainment is provided. A boundary condition parameter is

introduced to account for mixing in the upper and lower regions of the tank due to the

introduction of heat source and load flows, respectively. Another model by Phillips and

Pate [23] and Lightstone [24] which also accounts for viscous entrainment is presented in

section 2.3.

The model of Cole and Bellinger [25] is a one-dimensional analytical model with

empirically derived parameters. These are a mixing parameter which accounts for the

mixing due to the introduction of the fluid into the tank, a normalized film heat transfer
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coefficient which accounts for the fluid-wall thermal interaction and a capacity ratio which

takes the effect of the wall heat capacity on stratification into account. Heat losses to the

surroundings were neglected and a constant flow rate assumption was imposed. Also,

constant inlet temperature and uniform initial temperature assumptions were made.

The model of Zurigat et al. [26] is a one-dimensional finite difference model which

accounts for turbulent mixing in the tank and heat losses to the ambient. The energy

equation for turbulent flow is solved by splitting it into two equations representing the

conduction and convection cases, and handling them with different computational time

steps. This technique was shown to completely eliminate the numerical diffusion in the

finite difference solution. By introducing an effective diffusivity factor the turbulent energy

equation is reduced to the laminar one, magnifying the molecular diffusivity by that factor.

The model incorporates three different inlet geometries; a side inlet, an impingement inlet

and a perforated inlet. There are several other one-dimensional models, e.g [27 - 30], in

the literature which are not described in this review.

More complex models have appeared in the literature. The two-dimensional model of

Cabelli [31] has incorporated two flow circuits and two geometric configurations with

horizontal and vertical entries into the tank. The values of the Reynolds numbers used

were limited by the mesh size to magnitudes smaller than those expected in practical

situations. This discrepancy was treated later by Guo and Wu [32] who developed a two-

dimensional model applicable for higher Reynolds numbers. In their work, the Richardson

number, Ri, was identified as the important parameter for characterization of the physical

conditions of the flow pattern and the temperature stratification inside the storage tank. At

Ri << 1, the forced convection becomes important and leads to a complete mixing case. In

the two-dimensional model of Chan et al. [33] different inlet and outlet locations were

tested and compared with respect to thermal efficiency.
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A three-dimensional model has been developed by Sha et al. [34] to study improved

storage tank designs. The model incorporates a simple eddy diffusivity turbulence model

and is restricted to a cylindrical tank geometry.

1.2.4.2 Validation of Models

The validation of the models for thermally stratified storage tanks was commonly, e.g. [26,

27, 35, 36], done by comparing the thermocline (region of steepest temperature gradient

inside the tank) predictions with the experimentally measured thermocline during single

charge or discharge experiments. During these experiments, hot (cold) fluid is used to

displace the cold (hot) fluid existing in the tank which results in the development of a

thermocline inside the tank. The idea behind this method of testing the models is that if a

model is capable of accurately predicting the thermocline during charging or discharging

then it will also predict the correct temperature of the fluid being displaced (and therefore

the temperature of the fluid leaving the tank) as a function of time. In this thesis a different

approach of validating the storage tank models under investigation, without using the

thermocline, will be used (cf. section 4.2); mainly because the experiments on which the

comparisons for the models are based are not single charge or discharge experiments (cf.

chapter 3).

1.3 Goal of Project

So far there have been no recommendations concerning the employment of different storage

tank models in energy systems simulation programs, e.g TRNSYS [20]. The goal of this

project is to compare the TRNSYS tank models (introduced in chapter 2) with experimental
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data for a wide range of conditions in order to give some recommendations as to which

tank model should be used under which operating conditions. The recommendations to be

given will be based on the accuracy of predicting the experimental data and the

computational efficiency of the models under investigation.
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Chapter 2

Models used in this project

In this chapter the storage tank models under investigation are introduced. Both the multi-

node model and the plug flow model have been extended by building in "plume

entrainment". All the models are available in the TRNSYS [20] simulation program,

developed by the Solar Energy Laboratory.

TRNSYS has been proven to be an accurate program in predicting and analyzing solar

thermal and other energy systems. It has a modular structure and consists of individual

subroutines which represent real physical devices or utility components. The components

can be connected together to form complex systems.

2.1 Multi Node Model

In the multi-node approach [19,20], the tank is modeled as N fully mixed volume segments

(nodes) as shown in Fig. 2.1. The degree of stratification is determined by the choice of

N. Higher values of N result in more stratification. A maximum number of 15 nodes can

be chosen in the current implementation. For the special case of N = 1 the tank is modeled

as a fully mixed tank and no stratification effects are possible. Unequally sized nodes can

be specified in this model.



mtlheat, Theat

-i

flheat, TN

llload , T1

Tenv

mload, Tmains

Fig. 2.1 Multi-Node Model

where ilheat

riload

Theat

Tmain

Ti

Tenv

= mass flow rate in the heat source loop

= mass flow rate in the load loop

= temperature of the fluid entering the tank from the heat source

= temperature of the fluid replacing that extracted to the load

= temperature of the ith node

= temperature of the environment

An assumption employed in the multi-node model is that the fluid streams flowing up

and down from each node are fully mixed before they enter each node. In terms of Fig.

2.2 this implies that ihl is added to r. 4 ,in2 is added to r3, and a resultant flow, either up

or down is determined before an energy balance on the nodes is done. With this

assumption, the heat source flow and the load flow are treated simultaneously.
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fill = d2 rnI3 = mh4

Fig. 2.2 Internal Flows associated with Node i

An energy balance on the ith segment (neglecting losses, entering streams from heat source

or load and auxiliary energy input) is then

(rhl-rh3) Cf (Ti-l-Ti) rh1 __ 113

Mi Cf - =

(1h3-rhl) Cf (Ti+l-Ti)

where Mi

Cf

ll< rh3 (2.1.1)

= mass of the fluid in the ith node

= specific heat capacity of the fluid
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The model has the option of specifying fixed or variable inlet positions. For fixed inlet

positions, the fluid from the heat source enters just below the auxiliary, if present, or at the

top of the tank. The mains water enters at the bottom of the tank. At the end of the time

step any temperature inversions that result from these flows are eliminated by total mixing

of appropriate nodes. For variable inlet positions, the flows enter the nodes that are closest

in density and therefore temperature and no temperature inversions are created. This mode

of operation preserves the maximum possible degree of stratification.

The model optionally includes an electric resistance heating element, subject to

temperature and/or time control. For tank models in which N > 1, the position (node

number) of the heating element and the thermostat must be specified. The auxiliary heater

employs a temperature deadband ATdb. The heater is on if it was on for the previous time

step and the thermostat temperature is less than the set point temperature Tset or if the

temperature of the node containing the thermostat is less than (Tset-ATdb). The node

containing the auxiliary is heated first until it reaches the temperature of the node above.

These two nodes are then heated together until they reach the temperature of the node above

them. This process continues until either the maximum heater input is used or the set

temperature is reached.

The model allows for losses to the exhaust flue of an in-tank gas auxiliary heater. The

overall heat loss coefficient to the gas flue, UAfl, and the average flue temperature when the

auxiliary is not operating, Tfl, have to be specified. The overall loss from any node above

and including the auxiliary heater occurs from the exterior and interior of the tank.

Temperature inversions due to top losses and bottom gains (higher UA-values for top and

bottom nodes) are eliminated by fully mixing of appropriate nodes.
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An energy balance written about the ith tank node is then

dTi
Mi Cf - X-i- = rilheat Cf (Theat-Ti) + Pi rioad Cf (Tmaij-Ti)

+8i yj Cf (Ti-1-T) + (1-8) Ti Cf (Ti-Ti+1)

+ e Qaux,i - (1-e) UAf, i (Ti-Tfl) - UAi (Ti-Tev) (2.1.2)

where ai = 1, if fluid from heat source enters node i, 0 otherwise

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

i-1 N

Ti =Mrheat IcOj- riload X J
j=1 j=i+l

8i = 1, ifyi>O

0, ifi < O>0

E = 1, if auxiliary is on, 0 otherwise

Qaux,i = rate of auxiliary energy input into node i

UAfli = overall heat loss coefficient to the gas flue of an in-tank auxiliary heater

for node i

UAi = overall heat loss coefficient between node i and the environment

Eqn (2.1.2) represents a set of N first order ordinary differential equations that can be

solved analytically for the temperatures of the N nodes as a function of time. The

procedure is to start with the node which has the largest entering flow stream and then

work throughout the tank. Eqn (2.1.2) can be rewritten as
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dT---i = u Ti +v with u < 0 and v > 0dti(2.1.3)

which has the solution

Ti (t+At) = (Ti (t) + K-)e u At_ (214

The average temperature over the time step At is defined as

At  At
= Ti (t+t) dt= A ((Ti(t) +u)eu - ) dx

J o (2.1.5)

which upon integration yields

TiTi (t) + V
Ti-=u (eUAt- 1)-V

u At U (2.1.6)

The auxiliary is added, if necessary, after the changes in tank temperatures due to flows

and losses have been computed. This is done by increasing the final and average

temperatures resulting from the solution of Eqn (2.1.2) with E = 0 by the amount that

would result with auxiliary input. To compute the energy flows that occur during one time

step (rate of energy input into the tank, Qin, rate of delivered energy, 1)eI, and the rate of

the losses to the environment, Qn) the model uses the analytical mean value over the time

step. The change in the internal energy of the tank, AU, is computed with the initial and

final values of the temperatures in the time step. The energy quantities are then defined by

the following formula

Qin = rniheat Cf (Theat-TN) (2.1.7)



Ode1 = riload Cf (T1-Tmains)

N L

0 env = UAi (Ti-env) + (-E)X UAfl,i (Ti-Tfl)
i=1 i=1

N
AU = pf Cf Vi (Ti I tt=+At - Ti It=t1)

i=1

where Vi

Pf

ti

L

Tfl

= volume of node i

= density of the fluid

= time at the beginning of the time step

= number of node that contains the thermostat.

= average flue temperature when the auxiliary is not operating

2.2 Plug Flow Model

The plug flow model [20,2 1] simulates the behavior of a temperature stratified storage tank

using a variable number of variable size segments. The number of segments and their

volumes actually employed cannot be controlled but vary depending primarily on the tank

volume, the net (heat source plus load) flow and the simulation time step. The maximum

number of segments in the current plug flow model is 50 (this upper bound is maintained

by merging of small segments, if necessary). The segments of liquid are assumed to move

19

(2.1.8)

(2.1.9)

(2.1.10)
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through the tank in plug flow and the model is essentially a bookkeeping method to keep

track of the segments. Fig. 2.3 illustrates the concept of this tank model.

In this example the tank is initially divided into four segments of volume Vi,

represented by segments on the horizontal axis, and temperature Ti. In one time step, the

heat source delivers a volume of liquid, Vheat, equal to fihheatAt/pf at a temperature Theat.

Assuming that Thea is greater than T1, then a new segment is added at the top of the tank

and the entire profile is shifted down. At the same time, a volume of fluid, Vload, returns

from the load, with V1od equal to rhloadAt/Pf and temperature Tmin. If Tmains is less than

T4 , then a segment is added at the bottom of the tank and the whole profile is shifted

upward. These steps are shown sequentially, although they occur simultaneously. The net

shift of the initial profile is equal to the difference between the total heat source volume and

load volume, Vheat-Vload (downward if positive).

The segments and/or fractions of segments whose positions fall outside the bounds of

the tank are returned to the heat source and load. The average temperature of the fluid

delivered to the load for the example of Fig. 2.3 is

Tdel - Vheat Theat + (Vlod-Vheat) T1

Vload (2.2.1)

and the average heat source return temperature, Trt, is equal to Tmaijp.
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Fig. 2.3 Concept of the Plug Flow Model
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In general, for N segments the average delivery and heat source return temperature are

computed as follows

If Vheat < Vload then

Tret = Tmains

Tde

(2.2.2)

j-1

Theat Vheat + Ti Vi + C Tj Vj
i=1
Vload

(2.2.3)

where c and j must satisfy

5_c 51 (2.2.4)

j-1

Vheat + Z Vi + c gj = Vload
i=1 (2.2.5)

If Vheat > Vload then

Td= Theat

N
Tmains Vload+ Ti Vi + c Tj Yj

r _i=j+l
1 ret =

(2.2.6)

(2.2.7)Vhet

where c and j must satisfy
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0< c < 1 (2.2.8)

N

Vload + j2 Vi+ cVj=Vea
i=j+l (2.2.9)

The model provides the option of fixed and variable inlet positions. The fixed inlet

position option forces the inlet water to enter the tank section in which the inlet is physically

located, regardless of the temperature of the water in the tank at this position. This

introduces some mixing at the inlets. Temperature inversions are eliminated by fully

mixing of appropriate segments beginning at the inlets in the direction of the inversion.

The heat source inlet position can be specified and division of the existing segment might

be necessary. The load flow enters at the bottom of the tank. With the variable inlet

position, the inlet water is directed to the level to which it is closest in density and therefore

temperature and thus no temperature inversions are created (maximum possible degree of

stratification). For both options the incoming fluid mixes with adjacent segments if its

temperature is within 0.5 "C, otherwise a new segment is created.

The optional auxiliary heater is modeled as in the multi-node model. If necessary, the

segment containing the auxiliary is split into two segments at the actual position of the

auxiliary. If a load flow is occuring and the auxiliary is able to heat the outlet segment,

then the delivered fluid is heated with a linear temperature profile over the time step. The

overall heat loss coefficient to the exhaust flue of an in-tank gas auxiliary heater, UAfl,

when the auxiliary is not operating can be included. In this case the average flue

temperature is assumed to be the temperature of the environment.

The model was developed for upright and horizontal cylindrical tanks. Also the ratio of

thickness of top insulation to thickness of side insulation for upright tanks or the ratio of

insulation thickness of top to bottom for horizontal tanks, rim (= 1, if tank is concentric in
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insulation jacket), can be specified. It is important to note that the value of the overall heat

loss coefficient, UA, depends on the value of ri.

Storage losses from the tank and conduction between segments are evaluated before the

temperature profile has been adjusted for flows and auxiliary energy input. This is

accomplished by solving the following differential equation for each segment

f V Cf dTi - (UAi+UAfli) (Ti-Tenv) + kf Si-1Ti-1-Ti kf Si
f f- =Ahi-1Ahi (2.2.10)

where kf = thermal conductivity of the fluid

Si = cross-sectional area between segments i and i+1

Ahi = separation between centers of segments i and i+1.

When conduction is included, the set of coupled first order ordinary differential

equations is solved analytically by successive substitution with at most 20 iterations.

Conduction down the walls of the tank can be included by using an effective conductivity.

Temperature inversions due to top losses and bottom gains (higher UA-values for top and

bottom segments) are eliminated by fully mixing of appropriate segments.

The losses are then calculated as

N L
Qenv UAi(Ti-Tenv) + (1e) UAf (i-Tnv)

i=1 i=1 (2.2.11)

using the analytical mean value for Ti.

The rate of energy input into the tank, 0in and the rate of delivered energy, 0d1 are

computed as

Qin = riheat Cf (Thear-Tret) (2.2.12)
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Qdel =-- rload Cf (Tdel-Tmains) (2.2.13)

The change in internal energy of the tank is

M N
AU= Pf Cf (Vi Ti)I t2=tl+At - 1 (Vi T) It=tlM-1(2.2.14)

2.3 Plume Entrainment Model

2.3.1 Introduction

The previously discussed models account for mixing at the inlets (only if the fixed inlet

option is chosen) by fully mixing of adjacent segments whenever temperature inversions

occur. The multi node model also introduces some mixing by taking into account the

thermal capacitance of each node (cf. Eqn (2.1.2)) and by considering flow from one node

to another inside the tank. The plug flow model introduces some mathematical dispersion

by entering segments that are already at a mixed temperature, by allowing variable size and

number of segments and by merging segments. However, neither model attempts to

mathematically describe what physically is happening. This has been done by Phillips and

Pate [23] and Lightstone [24].

In the late afternoon when the availability of solar energy has decreased and the top

portion of the tank is still hot as a result of higher energy input earlier in the day, the

temperature of the incoming fluid is cooler than the upper portion of the tank. This is

especially the case for low flow systems which, in general, exhibit a higher degree of

stratification in the storage tank than high flow systems. As a result, a downward directed



26

buoyancy force will drive the incoming fluid down the tank and because of its turbulent

motion and viscosity, the hot fluid in the tank will be entrained in the falling plume. Thus,

the incoming stream is heated up and it will fall down to the position in the tank where its

density and therefore temperature matches that of the tank. This is known as "plume

entrainment" and it will decrease the degree of stratification in the tank.

This effect can be significant as shown by the experimental work of Phillips and Pate.

Their flow visualization experiments showed that water at 10°C introduced with a very low

velocity in a tank with an approximately linear temperature profile (top at 550C and bottom

at 140 C) fell only to a level in the tank where the temperature was about 45"C. This

indicates that the plume must have entrained enough hot water from the tank to raise its

temperature by at least 35"C. The plume will, in fact, have had its temperature raised by a

greater amount then that since an upward directed buoyancy force is needed to balance the

downward directed momentum forces. Also a simple order-of-magnitude analysis of

conduction in water can rule out conduction as the major mechanism for energy transport

between the incoming stream and the tank.

2.3.2 Mathematical Model

In the following, the mathematical model of plume entrainment based on energy and mass

balances will be described.

The storage tank is modeled as having two separate sections: the plume or stream

region and the rest of the tank. These regions will be referred to as the stream (S) and the

tank (T) regions as shown in Fig. 2.4. The vertical coordinate x is measured from the top

of the tank downward. The distance from the top of the tank to where the stream merges

with the tank (i.e. the penetration depth of the stream) is denoted as d and is defined as the

smallest value of x for which the stream temperature exceeds the tank temperature. It will
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be assumed that, except in the vicinity of the stream, there are no horizontal temperature

gradients in the tank, which is justified by the experimental work of Pate [37]. Therefore a

one-dimensional model can be formulated. It will further be assumed that the cross-

sectional area of the stream is much smaller than that of the tank. Thus, both axial

conduction and thermal capacity of the stream can be neglected and the tank cross-sectional

area can be considered to be constant.

iat ,Theatmheat,

k J
tank tank

tank

H

Fig. 2.4 Stream and Tank Regions

2.3.2.1 Energy equations

The energy balances for the stream and the tank are found by dividing the tank and the

stream into control volumes and writing an energy balance for each control volume as

shown in Appendix A.



The resulting energy equations derived by Phillips and Pate are for the stream

S(rfisTs) =Cf TT %'iisaf x "ax

and for the tank

a(riyrTT) a a 2TT

S A Cf Cf a + Cf TT + kf AaT - UT PT (TT-Tenv)pf C = xax ax2

(2.3.1)

(2.3.2)

where ihs = mass flow rate of the stream

Ts = temperature of the stream

# = mass flow rate of the tank

TT = temperature of the tank

A = cross-sectional area of the tank

kf = thermal conductivity of the fluid.

UT = overall heat loss coefficient between the tank and the environment per

unit area

PT= perimeter of the tank

Note that the term- Cf (rhTTT) / ax represents the advection into the control volume from

the tank, while + Cf TT ariT / j)x represents the energy lost from the tank into the stream.

2.3.2.2 Flow Rates and Boundary Conditions

Conservation of mass for the tank requires that

28
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aths a*
ax x (2.3.3)

In order to solve the system for the four unknowns ris (x,t), rnT (x,t), Ts (x,t) and

TT (x,t) one additional equation is needed which describes how mass from the tank is

entrained into the falling stream. As explained by Pate, solutions for entrainment rates of a

plume in a stratified environment are very complex. In the model presented here it is

assumed that the mass entrained into the falling stream is independent of temperature. The

plume is treated as a momentum driven jet. The theory of isothermal entrainment has been

summarized by Schlichting [38]. It has been shown that, for developed axisymmetric

flow,

atis._ C riha t
ax D (2.3.4)

where C = (entrainment) constant

D = inlet pipe diameter (diameter of the stream at x--O)

To obtain numerical values for C under specific conditions the reader is referred to the

theoretical work summarized by Schlichting and the experimental work of Hill [39]. In this

model C is assumed to be 0.32. This value corresponds to the experimentally found value

by Hill.

Eqn (2.3.4) may then be integrated using the boundary condition

riis (0,t) = lrhheat (t) (2.3.5)

This results in



is (x,t) = {
c rnheat (t) X + iheat (t)

D

0

O<x<d

d<x_<H
(2.3.6)

Note that a discontinuity exists at x = d where the stream merges with the tank.

Now Eqn (2.3.3) can be integrated with the boundary condition

rT (0,0T =- rnload (t)

Thus we obtain

(2.3.7)

iT (x,t) = {
- C rlheat (t) x - liload (t

D

rnheat (t) - rhload (t)

0<x<d

d<x<H
(2.3.8)

with a discontinuity at x = d.

The boundary condition for the stream temperature is

Ts (0,t) = Theat (t) (2.3.9)

The initial temperature profile in the tank is

TT (x, )= T (x) (2.3.10)

A boundary condition for the tank temperature is not needed since its value will be

determined by the stream.

30
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2.3.3 Numerical Solution

Lightstone solved these equations with the assumptions of no heat conduction (kf = 0) and

no load flow (rhload = 0). At this point the losses can also be neglected since they are

treated separately in the multi node model and the plug flow model when plume entrainment

occurs. The numerical method used is a finite volume approach similar to that described by

Patankar [40].

2.3.3.1 Discretization of the Stream Energy Equation

The discretized form of the stream energy equation is found by integrating Eqn (2.3.1) over

a control volume as shown in Fig. 2.5.

X+Ax

Cf (rhsTs) d4 =
Cf TT ar4d4

The values of the temperatures are determined at a nodal point in each control volume.

Integration yields

Cf [(thsTs) 'x+Ax - (isTs)ixJ = Cf TT (ls 'x+Ax-ris Ix) (2.3.12)

= mean temperature of the tank layer under consideration.

(x+Ax

(2.3.11)

where TT
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xN 1 Tx

fia =id

iL i=N

Fig. 2.5 Discretized Grid

Here and in the following equations the superscripts N, P, S are related to the nodal

locations N = north; node above

P = polar; node under consideration

S = south; node below.

By fully upwinding the temperatures in the direction of flow and directly calculating the

mass flow rates at the control volume faces using Eqn (2.3.6), the control volume interface

temperatures and mass flow rates become

(rhasTs) Ixa = ii T (2.3.13)

and

(ffisTs) Ix = i " N
(2.3.14)
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In order to decouple the tank and stream energy equations, the energy lost from the tank

into the stream is delayed. The tank temperatures used are those from the previous time

step. This gives

Cf TT (rihs Ix+Ax-rhS Ix) -Cf T ° (r-.N) (2.3.15)

The discretized form of the stream energy equation is then

asp Tp= as T + bs (2.3.16)

where

aP =Cf i (2.3.17)

aS =Cfi (2.3.18)

bs=Cf TT(1 - 1) (2.3.19)

2.3.3.2 Discretization of the Tank Energy Equation

Separate discrete tank energy equations are derived for three regions in the tank defined by

1.i<id

2. i= id

3. i > id

as shown in Fig. 2.5.

The fact that the nodes are of finite size is important for the node where the stream merges

with the tank and discontinuities occur in the equations for the mass flow rates, Eqns
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(2.3.6) and (2.3.8). Integration of the tank energy equation for the nodes for which i <iid

over both a time step, At, and a control volume with the aforementioned assumptions

x+Ax t+At ft+At 1 +Ax mrT

,tAd 4 = ft x = -C f d 4 ci

t+At x+Ax T r T d

•Cf Tnld4do

(2.3.20)

gives

M Cf (TP-TTP ) = - Cf [(iTTT)x+& - (tiyrTT) Ix] At +

Cf T 0 (rht Ix+Ax-rit Ix) At (2.3.21)

where MP  = mass of fluid in the control volume.

The term representing the energy lost to the stream is delayed so as to be consistent with the

stream energy equation. As before, upwinding the temperatures in the direction of flow

and noting that by mass conservation the flow in this region is towards the tank top (-)

yields

(ITT) lx+Ax = rAT

(rirTTT) Ix = if TTP

(2.3.22)

(2.3.23)

The discretized form of the tank energy equation for the nodes i < id is therefore
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T 4T=atTS +bF (2.3.24)

where

Q ( 'At '! )(2.3.25)

aTs =-Cfh (2.3.26)

b C(I (2- h~) ~(2.3.27)

A similar dicretization of the tank energy equation is done for the nodes with i = id and i

> id. For i = id the third term in the tank energy Eqn (2.3.2) can be rewritten using Eqns

(2.3.1) and (2.3.3) which gives

C ft TT_- Cf a(iasTs)
ax ax (2.3.28)

The stream merges with TP and riis into the tank and divides into two mass flows upward

and downward the tank (cf. Fig. 2.5). Therefore for i = id

a TP =b (2.3.29)

where
aP = QCf , ( -r-i;))

C ( A)(2.3.30)

(2.3.31)

For i > id the third term of Eqn (2.3.2) equals 0 since the mass flow rate of the tank is

constant. Therefore for i > id
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at T, = a T4T + (2.3.32)

where
aTP,= Cf (--t + r (2.3.33)

a =Cfri (2.3.34)

b =CfMAtTr (2.3.35)

As for the mass flow rates of the stream, the mass flow rates of the tank can be calculated

directly using Eqn (2.3.10), by knowing the distance from the tank top to the control

volume interface x1'.

2.3.4 Time Step Restrictions

Numerical instabilities, producing non-physical results, can occur if a weight on a variable

in the discrete equations is negative. This may be the case in Eqn (2.3.29). If

At

then a negative weight on the will arise. This implies that the larger TT is then the

smaller TT becomes - a physically unrealistic result. A maximum allowable time step may

therefore be calculatedl as
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Atma =  P = f (xP-xN) A = f A DAtmax M! f(XA pA
C aheat (xNxP)-C rlnheat

D (2.3.36)

Because of the constant entrainment rate, the maximum allowable time step is

independent of grid spacing.

This existence of a time step restriction is due to the explicit scheme used to decouple

the stream and tank energy equations. Physically, this limits the mass of the fluid entrained

into the stream over a time step to at most the mass of the tank control volume.

2.3.5 Solution Method

For a given tank temperature distribution (determined either through the initial conditions or

from the values from the previous time step), the stream temperature field at the end of a

time step may be solved directly. This is accomplished by starting with the inlet

temperature of the stream and then marching down the tank. The penetration depth of the

plume, d, is found by comparing the temperature of the stream at each node, Ts (i,t), with

the tank temperature of the node below, TT (i+l,t°). When a stream control volume is

found such that Ts (it) > TT (i+lt °) , then the stream is considered to have reached the

depth where it merges with the tank and the temperature of the stream which is merging

with the tank, TS (id), is set equal to TS (i,t). The stream does not exist below this point.

The discretized tank temperature equations may then be solved directly by calculating

TIT (i.,t) and then marching upwards and downwards in the tank.

The solution procedure can be summarized as follows:

1. Initial conditions

2. Solve Ts (i,t) (using either initial conditions or values of TT from the previous time step

or iteration) by marching down the tank
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3. Determine id

4. Solve TT (i,t) by first calculating TT (id,t) directly and then marching upwards and

downwards through the tank from id

5. Set TT (i,t° ) = TT (it)

6. t=t+At

7. Go to 2.

2.3.6 Incorporation into TRNSYS

Plume entrainment has been programmed into both the multi-node model and the plug flow

model. This was done by modifying the already existing code of the WATSUN simulation

package [41]. It was decided to keep as many features of the multi-node model and the

plug flow model as possible.

Plume entrainment was programmed using the fixed inlet option as described in

sections 2.1 and 2.2, respectively. An additional parameter, the inlet pipe diameter, had to

be added. When plume entrainment occurs the maximum allowable time step, Atma,, is

determined according to Eqn (2.3.37). The time step used to solve plume entrainment,

Ats0 , is found by multiplying the maximum allowable time step by two thirds. If the

solution time step is smaller than the simulation time step used by TRNSYS then the

simulation time step is subdivided accordingly.

2.3.6.1 Incorporation into the Multi-Node Model

In the multi-node model plume entrainment is used whenever the fluid from the heat source

is colder than the temperature of the node where it enters the tank. Before the fluid is
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added, the losses are calculated and any temperature inversions resulting from top losses or

bottom gains are eliminated by mixing of appropriate nodes.

The fluid from the heat source is added as outlined in section 2.3.5, steps 2 to 4. While

adding the fluid from the heat source to the tank, a segment is created at the "bottom" of the

tank with mass equal to the sum of the mass of all the fluid added to the tank during the

solution for one simulation time step and temperature, Tret, as the arithmetic mean

temperature of the temperatures of the bottom node. This segment represents the fluid that

has to leave the tank at the bottom because of adding fluid from the heat source and it will

be returned to the heat source.

Similarly, after adding the fluid from the heat source, the load flow is added using a

finite difference equation which was derived in the same way as Eqn (2.3.33) and is

therefore

Tp CfMPTP+hload AtsolT S
T Cf MP + rhloadAtsol (2.3.37)

with TTS = Tmain for calculating the temperature of the lowermost node and then working

upwards through the tank. Also, a segment is created at the "top" of the tank with mass

equal to the sum of the mass of the fluid returned from the load to the tank during the

solution for one simulation time step and the temperature, Tdel, as the mean temperature of

the temperatures of the top node. This segment represents the fluid that has to leave the

tank at the top because of adding fluid from the load and will be delivered to the load.

The program keeps adding the flows from the heat source and the load alternatively

until the consecutively added solution time steps, Atsol, add up to the simulation time step.

This preserves the idea of simultaneous heat source and load flow.

Creating segments at the "top" and the "bottom" of the tank was done in order to

achieve an energy balance. It is not possible to combine the numerical solution of adding
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the fluid from the heat source with the analytical solution of adding the load flow (as done

in the multi-node model) with the idea of simultaneous flows.

Since the addition of auxiliary energy in the multi node model without plume

entrainment affects the analytical mean temperature of the nodes and these are used to

calculate the energy quantities, a different auxiliary algorithm had to be employed because

there is no analytical mean value when plume entrainment occurs. Therefore the same

auxiliary algorithm as used in the plug flow model was built in after plume entrainment.

2.3.6.2 Incorporation into the Plug Flow Model

In the plug flow model plume entrainment occurs whenever the fluid entering the tank is

sufficiently colder (more than 0.5 °C) than the temperature of the segment where it enters

the tank (inlet height can be specified), so that the plug flow model would insert the

incoming fluid below that segment. The losses are calculated prior to that decision.

The fluid from the heat source is added as outlined in chapter 2.3.5, steps 1 to 7.

While adding the fluid to the tank, a segment is created at the "bottom" of the tank as

already described for the multi-node model. This is equivalent to shifting the profile

downward as shown in Fig. 2.3. After having accomplished this, the plug flow model

performs exactly the same as if there had not been plume entrainment.
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2.4 Model Discussion

In this section, the previously introduced models are investigated in order to further

characterize and distinguish them. The results presented are examples and depend in their

details on the chosen system and its specifications.

2.4.1 Number of Nodes and Inlet Positions

Simulations with a simple system, consisting of a collector as heat source and a tank, as

shown in Fig. 2.6, were run with TRNSYS in order to determine how the number of

nodes for the multi-node model and the choice of fixed or variable inlet positions influences

the predicted amount of stratification in the tank.

Theat Tdel 1nload

Fig. 2.6 Simple Collector-Tank System
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A flat-plate collector was specified for which the rate of the useful energy gain, Qa, can

be computed using the Hottel-Whillier equation [14]

Qu = Ac [FR (Ma) IT - FR UL (Tret-Tenv)] ( rhheat Cf (Theat-Tret)) (2.4.1)

where Ac = total collector aperture area

FR = collector heat removal factor

((x) = transmittance-absorptance product

IT = total radiation incident on the collector per unit area

UL = overall loss coefficient between the collector and the environment per unit

area.

The collector area was 2.9 m2, the values of FR(ocz) and FRUL were 0.604 and 13.276

kJ/(h m2 'C), respectively. A daily sinusoidal radiation profile between hour 7 and 17 of

the day with a total irradiance of 13.5 MJ/(m2 day) was specified. The collector flow rate,

rhheat, was chosen to be 20 kg/h during the time of radiation.

A multi-node tank model with fifteen nodes and volume of 180 liters was used. The

temperature of the fluid replacing that extracted to the load, Tmains, was 15 'C. Four equal

volume load draws of 30 liters each, at a flow rate of 300 kg/h, were performed at the

beginning of the hours 9, 12, 15 and 18. The ambient temperature was chosen to be 20 "C.

The radiation and the flows were specified using the TRNSYS option of time dependent

forcing functions.

The simulations were run with time step 0.1 h until the system reached a steady-

periodic state. Fig. 2.7 shows the temperatures of the top node, Ttp and bottom node,

Tbttm (the difference between them is a measure of the amount of stratification) for fixed

and variable inlets.
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Fig. 2.7 Temperature Profiles for Fixed and Variable Inlet Positions

It can be seen that the temperatures of the top nodes differ most between hours 7 and 9

and hours 15 and 18. The differences are due to the fact that in the early morning and late

afternoon the fluid entering the tank is colder than the fluid at the top of the tank because of

low solar input. The entering cold fluid decreases the temperature of the top node for the

fixed inlet option but not for the variable inlet option where the entering fluid is directed

further down. The difference between the top temperatures is maintained during the tine of

no collector flow and no load draw. The temperatures slightly approach each other because

of higher losses for the higher temperature. During the time of high solar input the top

temperature profiles are about the same because the entering fluid is hotter than the

temperature of the top node which results in no difference between the fixed and the

variable inlet options. It can also be seen that there is a decrease in the top temperature
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when the load draw occurs. The extent of that temperature drop depends on the flow rates

and the volume that is drawn and on the temperatures of the nodes below the top node.

Since the temperature of the fluid replacing that extracted to the load, Tmain, is the

lowest temperature in the whole system, it is entering the bottom node for both cases.

Because the volume drawn during one single draw is 2.5 times higher than the volume of

the bottom node and the collector flow rate is much lower than the load flow rate it is clear

that the temperature of the bottom node during a draw reaches almost Tmains (cf. Eqn

(2.1.2)). The higher temperature increase of the bottom node temperature for the fixed inlet

option during collector flow is explained by higher temperatures of the nodes above the

bottom node. The bottom node also gains energy during the time of no load and collector

flow.

The energy inputs into the tank, Qin, by the collector for the fixed and variable inlet

option were 22.37 MJ/day and 22.90 MJ/day, respectively. For the delivered energy, Qdel,

values of 16.99 MJ/day and 17.79 MJ/day, respectively, were obtained. This shows that a

higher degree of stratification results in higher energy input because of lower collector

losses due to the lower heat source return temperature,Tre, and therefore higher values of

delivered energy. Qin and Qdel are defined as

Qin = fdayin dt = fday rnheat Cf (Theat" Tret) dt (2.4.2)

Qdelfd =J delydt = £athload Cf (Tdel - Tmains) dt (2.4.3)

Fig. 2.8 shows the tank temperature profiles for a two-node model and a fifteen-node

model with fixed inlets. Plotted are the temperatures of the top nodes, Ttp the bottom

nodes, Tbttm and the mean tank temperature, Tmean, which is defined as
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N

Y TiVi
Tmean- i=1NZVi

i--1 (2.4.4)

There is little difference in the mean tank temperature, which is a measure of the energy

stored in the tank, for both models. However there is a considerable difference in the top

and the bottom temperatures. The fifteen-node model shows a much larger degree of

stratification than the two-node model. The two-node models represents the tank

temperature profile using only two mixing temperatures whereas the fifteen-node model

uses fifteen mixing temperatures which results in a higher resolution. The nodes in the

fifteen-node model are much smaller and therefore have smaller time constants to respond

to the temperatures of the entering flow streams (by which the possible amount of

stratification will be determined) than the large nodes of the two-node model. This e.g. can

be seen from the temperature drop when the load draw occurs. Also, it has to be

mentioned that the centers of the nodes under consideration are located differently for both

models. The consequence of the model predictions is that the energy input from the

collector is lower for the two-node model (Q.i = 19.47 MJ/day) because of higher bottom

node temperature (more collector losses) than for the fifteen-node model (Qin = 22.37

MJ/day). The delivered energy for the two-node model is lower (Qdel = 13.95 MJ/day)

because of less energy input and more mixing than for the fifteen-node model (Qdel = 16.99

MJ/day).
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Fig. 2.8 Temperature Profiles for Different Numbers of Nodes

2.4.2 Average Number of Segments

To investigate the number of segments employed in the plug flow model, the same system

as introduced before was simulated using the plug flow model. The number of segments

affects the temperature distribution predicted by the model. Runs with two different

collector flow rates, 20 kg/h and 180 kg/h, were carried out. The values of FR(tca) and

FRUL for the for the high flow rate were 0.781 and 17.19 kJ/(h m2 'C), respectively. The

sinusoidal radiation profile was integrated for each hour and the load profile was changed

to hourly values (by reducing the load flow rate). Fig. 2.9 shows the average number of

segments for both values of the collector flow rate. The average number of segments, N,

is defined as
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h- 1 Ndt
N24 h fa

(2.4.5)
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Fig. 2.9 Average Number of Segments for the different Plug Flow Models

60

Both the simulation time step and the ratio of the tank volume to the collector flow rate

(which results in a tank turnover time or mean residence time) strongly influence the

average number of nodes. The influence of changing the load profile is not investigated in

this example.

The average number of nodes increases with decreasing time step but merging of

incoming fluid with existing segments may also reduce the average number of nodes. The

probability of merging increases with the number of nodes already in the tank.

The lower average number of nodes for the high flow rate is partly due to the large

volume segments that are added, especially for large time steps. There is also less
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stratification for higher flow rates (cf Eqn (2.4.1)) which increases the probability for

merging segments. Merging will always occur for small time steps when the temperature

of the fluid returned to the collector has the same value over several time steps and the

radiation does not change.

2.4.3 Fully Mixed Tank Models

Since it is not possible to know a priori how many segments will be used in a

simulation with the plug flow model and therefore to find an "equivalent" multi-node model

the question arises how both models compare for N = 1. A one-node model can be

obtained for the plug flow model by specifying the collector flow rate as 180 kg/h and the

time step as 1 h for the 180 liter tank volume. A single load draw between hour 24 and 25

with the draw volume equal to the tank volume and Tmains = 20 0C was done. The

simulations were carried out for both models under the same conditions starting with tank

temperatures of 20 'C at hour 7 for the previously introduced system. The tank

temperatures at the end of each time step are shown in Fig. 2.10.

For the first day during collector flow (hour 7 to 17) the tank temperatures of the plug

flow model are higher than the tank temperatures of the multi-node model. This

observation can be explained by considering how each model determines the tank

temperatures.

In the plug flow model the whole tank volume is "taken out" of the tank at the initial

temperature of the time step, run through the collector in which the energy is added and put

back into the tank.

In the multi-node model the fluid is run "continuously" through the collector during the

time step. This is accomplished by using the average tank temperature over the time step

according to Eqn (2.1.6) rather than the initial value. The tank "keeps" its fluid and the



entering fluid mixes instantaneously with the tank volume. The fluid returned to the

collector has the same temperature as the tank

This results in a different value of added energy for the two models.
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Fig 2.10 Tank Temperatures for the Plug Flow Model and the Multi-Node Model using one Segment

The same principles apply when the load draw occurs. At the end of the load draw the

multi-node model has a higher temperature compared to the plug flow. This is a result of

the mixing inside the tank during the load draw for the multi node model. The values of the

delivered energy for the draw are 17790 MJ and 10900 MJ for the plug flow model and the

multi-node model, respectively.

49
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2.4.4 Time Step Dependence

The performance of both the plug flow model and the multi-node model depends on the

chosen simulation time step. To investigate this dependence, the same system as used to

determine the average number of segments for the plug flow model (hourly profiles) was

run with all the tank models for a number of different time steps ranging from 1 to 60

minutes. The values of the delivered energy as defined in Eqn (2.4.3) were taken as the

criterion for the time step dependence. The results for two different collector flow rates of

20 kg/h and 180 kg/h are shown in Figs 2.11 and 2.12.

For the collector flow rate of 20 kg/h all the models, except the plug flow model with

plume entrainment, exhibit a change in delivered energy with respect to the value for the

time step of 60 minutes of less than 1.5 %. The value of delivered energy for the plug flow

model with plume entrainment changes by 7.6 %. For the collector flow rate of 180 kg/h

all the models, except the plug flow model with variable inlet, show a change of less than

3.3 %. For the plug flow model with variable inlet the relative change in delivered energy

is 8.7 %.

In both cases a plug flow model shows the greatest difference. This is related to the

change in the average number of segments as a function of the simulation time step as

shown in Fig. 2.9. Note that the two models which exhibit the greatest change in the

average number of segments also have the poorest time step dependence. This means that

for different time steps and therefore different average number of segments the plug flow

model is a "different" model.
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Chapter 3

Experimental Data

In this chapter, the two experimental procedures from which the data for the performance

study of the TRNSYS tank models were obtained are described. The data for the low heat

source flow rate were obtained from Queen's University, Kingston, Ontario [42,43] and

the data for the high heat source flow rate were obtained from Colorado State University,

Fort Collins, Colorado (CSU) [44].

3.1 Low Flow System

The experimental apparatus consisted of a two component (collector and tank) direct flow

SDHW system as shown in Fig. 3.1 and a micro-computer based data acquisition and

control system.

The solar collector array was experimentally simulated using a conventional thermal

heat source as described in ASHRAE standard 95-1981 [45]. The collector area was 2.9

m2 and the values of FR(tra) and FRUL were 0.743 and 16.34 kJ/(hr m2 "C), respectively,

at a flow rate of 72 kg/h. The collector loop heater was adjusted every minute to deliver

energy equal to that of the specified collector operating under a daily irradiance of 12

MJ/day and the measured heat source return temperature. The daily irradiance profile on

the collector surface was simulated as a sinusoidal profile between hours 7 and 17 of the

day. Effects of different flow rates were accounted for by adjusting the collector heat

removal factors, FR, as described in Duffie and Beckman [9]. The collector loop pump
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was turned on at hour 7 and turned off when the rate of the useful energy gain for the

collector dropped below zero in the late afternoon (low radiation input and high collector

input temperature; cf. Eqn (2.4.1)).

Collector
Loop Heater

Solar Storage Tank

Fig. 3.1 Experimental Set-Up for the Low Flow System

A storage tank with volume equal to 180 liters and length to diameter ratio of 1.84 was

used. The UA-value was determined to be 4.57 W/0C by raising the entire tank to a

uniform temperature (60'C) and then measuring the rate of temperature decay over one day.

This procedure is summarized in Appendix B. The collector and mains water inlet were

located radially at the bottom of the tank and the collector outlet and the tank exit were

located axially at the top of the tank as shown in Fig. 3.1.

Water was drawn at a flow rate of 6 liters/min from the system. Tests for various

collector flow rates and load profiles were performed as shown in Table 3.1.
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Table 3.1 Experimental Design for the Low Flow System

Successive test days were repeated until the system was determined to be functioning in

"steady-periodic" state. This state was identified when the daily delivered energy as

defined in Eqn (2.4.2) was found to vary less than 3 % between test days.

1) heat source flow rate not quite constant during the experiments

2) drawn at the beginning of the hour
3) drawn in the middle of the hour

Test # ilheati) Load

[kg/h] Profile

1 24 Profile1

2 36 Profile 1

3 48 Profile 1

4 60 Profile1

5 72 Profile 2

6 84 Profile 3

Hour Profile 12) Profile 23) Profile 32)

[liters] [liters] [liters]

7 7 0 10

8 17 0 25

9 17 0 25

10 30 0 45

11 16 0 25

12 7 0 10

13 3 0 5

14 0 0 0

15 0 0 0

16 10 0 15

17 17 0 25

18 30 0 45

19 16 40 25

20 20 40 30

21 7 40 10

22 3 40 5

23 0 40 0

Total

Volume 200 200 300
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The data acquisition and control system supervised load draws, calculated thermal

performance (delivered energy) and collected temperature and volume flow rate data every

5 minutes.

Representative experimental tank temperatures are plotted in Fig. 3.2. The tank

temperatures measured by the thermocouple tree represent the temperatures of the centers of

six equally sized segments in the tank. During the night when there are no flows (hour 22

to 7) a considerable amount of stratification occurs, mainly in the middle part of the tank.

The temperature of the bottom part of the tank is close to the mains water temperature

because of draws later in the evening when the collector pump was not operating. The

temperature of the top part of the tank is close to the temperature after the tank was charged

(hour 17) since not all the hot water was taken out of the tank in the evening. The

development of the stratification in the evening indicates that the load draw was done in

plug flow manner but with some mixing in the zone where the replacement fluid from the

load sees the hot water in the tank. Environmental losses and heat conduction cause

temperature changes at night. The bottom of the tank gains energy from the environment.

The amount of stratification and the mean temperature decrease over night. In the early

morning (hour 7 to 8) when the solar input is low, the temperature of the fluid from the

collector is lower than the temperature of the upper part of the tank and as a result some

mixing occurs at the top of the tank. Between hour 8 and 13 the temperature profile is

influenced by the charging and discharging, but without destroying the stratification in the

tank because the low collector flow rate causes little mixing at the inlet and also results in a

rather high tank turnover time1) (5h). A coupling between the bottom and the top

temperature can also be observed. Between hour 13 and 16 the tank reaches nearly

uniform temperature. The bottom part of the tank is fully charged because no load draws

occur. Temperature inversions develop between hour 16 and 17 since the fluid flowing

through the collector cools down because of low radiation input and high collector losses

1) defined as the mass of the fluid in the tank divided by the heat source mass flow rate



56

due to the high collector input temperature (cf. Eqn (2.4.1)). Mixing at the inlets cools

down the fluid at the top of the tank but the bottom of the tank stays hot. Several large load

draws in the evening result in a stratified temperature field.
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Fig. 3.2 Tank Temperatures for the Low Flow System 1)

20 24

Table 3.2 presents the values of the daily energy input into and the delivered energy

from the solar storage tank as well as the change in the internal energy of the tank. The

losses, Q,,v, were calculated as a check on the energy balance. No information about the

measurement errors has been obtained.

1) The tank temperatures were obtained from an earlier experiment similar to test #2 in which the collector

pump was operating at the same time when the collector was irradiated.
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Table 3.2 Experimental Results for the Low Flow System

3.2 High Flow System

The data for the high heat source flow rate was taken from a drain-back system as shown in

Fig. 3.3. The major components are the collector array and the boiler for the energy input,

the drain-back tank as a heat exchanger, the solar storage tank for the energy storage and

the auxiliary heater for the addition of electrical auxiliary energy.

1) calculated approximating the integral (Eqn (2.4.2)) as a sum with linearly interpolated temperature and
flow rate

values every 3 minutes, pf = 1000 kg/m3 , Cf = 4.19 kJ/(kg OC)
2) according to Queen's University
3) calculated using the tank temperatures at the beginning (hour 0) and the end (hour 24) of the last test day
4) Qenv = Qin - Qdel - AU
5) no tank temperatures were available

Test # Qin1) QdeI2) AU3) Qenv4 )

[kl] [l] [l] [lU]

1 24577 20988 130 3459

2 23092 18600 5) 4492

3 23456 18760 5) 4696

4 22897 17880 5) 5017

5 23975 20810 303 2862

6 25643 22090 130 3423
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Auxiliary Heater Solar Storage Tank Drain-Back
Tank

Fig. 3.3 Experimental Set-Up for the High Flow System

The experimental test procedure consisted of a four day test in which the solar radiation

and water load profile, ambient temperature (22±2 'C), mains water temperature (22 ± 1

'C) and hot water set point temperature (> 48.9 0C) were specified. The tests were

completed at the end of four days or when the daily value of the added auxiliary energy was
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within 3 % of the previous day's value, whichever came first. The solar storage tank was

preheated to about 40 'C at the beginning of the tests to achieve faster convergence. The

tests start at hour 17 of the day.

Solar radiation input was simulated with an electric boiler downstream of the collector

array which were located in a constant temperature dark room. The boiler input was

controlled according to an hourly profile specified by the Solar Rating and Certification

Corporation (SRCC) [46] and calculations outlined in ASHRAE standard 95-1987 [47].

The energy input occured between hour 8 and 17 of the day. The value of the total

radiation was 17.03 MJ/(m 2 day). The collector parameters, FR(ta) and FRUL, were

0.602 and 5.56 W/(m2 IC) at a flow rate of 63.77 kg/(h m2 ), respectively. Since the

collector was not irradiated, a deadband controller for the collector pumps was emulated

through appropriate algorithms in the control software. The collector pumps turned on

when the collector sensor temperature exceeded the temperature at the bottom of the storage

tank by 20 IF. The pumps remained on until the temperature differential dropped to 5 OF

Daily hot water load was based on energy and was made in three equal draws at hour 8,

12 and 17 of the day. The energy drawn from the system was specified as 49.8 MJ/day.

Each draw required about 130 liters of mains water and was performed at a flow rate of

720 kg/h.

The geometry and the piping locations of the solar storage tanks are shown in Fig. 3.4.

The UA-values for the large and small solar storage tank are 3.74 W/0 C and 3.47 W/0 C,

respectively. The UA-values were determined by measuring the rate of temperature decay

over a 36 hour time period for an initial tank temperature of 60 *C. The procedure is

summarized in Appendix B. The volume of the auxiliary tank is 159 liters and the UA-

value, determined by a cool-down test, is 1.9 WP°C. The drain-back tank has a volume of

30 liters and a measured heat exchanger effectiveness of 0.6.
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Eight experiments were designed through combination of two different storage tank

volumes, two values of the collector gross area and two different heat source flow rates

(Ihheat) and collector flow rates (ih,,on) as shown in Table 3.3.

60

- ----.--.- - - --

IS
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drop tubes is 0.0159 m



61

Table 3.3 Experimental Design for the High Flow System

Temperatures, volume flow rates, energy usage and energy delivery were monitored

throughout the system. The data were sampled 10 times per second. A running average of

the ten most recent samples is kept and used when reporting data to file. Data were

recorded at varying rates during the tests. During a hot water draw, data were recorded

every 15 seconds. Data were recorded every 15 minutes during simulated daylight hours

and every 30 minutes during overnight periods.

Fig. 3.5 shows the tank temperatures of the solar storage tank measured by the

thermocouple tree for the last day of test #4. The thermocouples were equally spaced with

distances of 12.7 cm. The thermocouple tree was centered heightwise in the tank. After

the draw at hour 17 a considerable amount of stratification in the tank has developed. Since

about half of the tank volume is drawn and the mains water enters the tank at the bottom

with downwards directed velocity which causes the hot water at the top to be pushed out in

a plug flow manner, the stratification is located mainly in the upper half of the tank.

However the temperature profile in the upper half of the tank shows some mixing caused

by the load draw since before the draw the tank was at uniform temperature. During the

1) flow rates not quite constant during the experiments

Test # Tank Volume Collector Area rflheatl) rhcoil1)

[liters] [m2] [kg/h] [kg/h]

1 223 2.78 171 205.2

2 223 2.78 342 410.4

3 223 5.56 171 410.4

4 223 5.56 342 205.2

5 272 2.78 171 410.4

6 272 2.78 342 205.2

7 272 5.56 171 205.2

8 272 5.56 342 410.4
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night when there are no flows, temperature changes due to environmental losses and heat

conduction can be observed. The amount of stratification and the mean temperature

decrease over night. The draw at hour 8 takes the remaining hot water out of the tank so

that at the beginning of the energy input the tank is nearly at uniform temperature. The

uniform temperature is maintained throughout the day due to the high recirculation flow rate

which results in a tank turnover time of about 40 minutes. The stratification created

because of the load draw at hour 12 disappears almost immediately.
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Fig. 3.5 Storage Tank Temperatures for the last Day of Test #4 for the High Flow System

Table 3.4 presents values of the daily energy input into and the delivered energy from

the solar storage tank as well as the change in the internal energy of the tank. The losses

were calculated as a check on the experimental data. The daily energy input was calculated

according to Eqn (2.4.2) with rnheat = Vheat Of- Empirical relationships for pf and Cf as a

function of temperature (as also used by CSU to determine the delivered energy) were
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employed. The data provided by the measurements and the trapezoid rule to approximate

the integral (Eqn (2.4.2)) were used. Thermopile measurements for the temperature

differences (Theat-Tret) with an accuracy of 1% of the temperature difference ± 0.05 'C

were available. The measurement error in measuring the volume flow rate was reported to

be ± 0.5 %. The values of the delivered energy, Qdel, according to Eqn (2.4.3) together

with the measurement errors was provided by CSU. The measurement error is based on

the maximum errors in the individual measurements. The change in internal energy was

calculated using the ten thermocouple temperatures in the tank and pf = 1000 kg/m3 and Cf

= 4.19 kJ/(kg "C). For test #1 and 3 the calculated losses indicate errors in either Qin, Qdi

or AU outside the range of the specified measurement errors. The values for Qenv should

be about 2500 U and 4000 U for test #1 and 3, respectively, to agree with the calculated

losses for the other tests (which are mainly a result of the energy input into the system).

Table 3.4 Experimental Results for the Solar Storage Tank of the High Flow System

1) AU = U I end of test - U I end of test - 24 hours
2) Qenv = Qin - Qdel - AU

Test # Qin Qdcl AU1) Qenv2)

_____ [kJ] [ki] [kJ] [kJ]

1 17149 16647±345 -297 799

2 20024 16996 ± 346 241 2804

3 27443 25471 ±452 -175 2147

4 28342 24260±436 664 3418

5 20299 17717 ±354 295 2287

6 19751 16968 ±346 360 2423

7 28767 25113 ±448 -188 3842

8 31433 26712±467 -47 4763
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Chapter 4

Simulation of the Experimental Data

In this chapter the way of performing the simulations to compare the different tank models

with the experimental data is developed. Also introduced are three numbers which are used

to describe the performance of the tank models in predicting the experimental data.

4.1 System

The experimental set-up for the low flow system (cf. chapter 3.1) was first simulated with

a system similar to that shown in Fig. 2.6 by specifying the energy to the collector, the

flow rates and the mains water temperature. This represents exactly the way the

experiments were performed. With this method of simulating the experimental data, it was

realized that the system consisting only of two components (collector and tank) is highly

coupled. This means that if the tank model predicts an incorrect temperature returned to the

collector then the collector adds an incorrect value of useful energy (cf. Eqn (2.4.1)) which

leads to an incorrect collector output temperature. Therefore an incorrect value is used as

tank input temperature which then affects the temperature of the fluid delivered to the load

and the temperature of the fluid returned to the collector. Although the collector

compensates for errors in the collector input temperature to some extent (if Tret is too low

then the collector useful energy is too high and vice versa) the coupled system leads to

wrong inputs to the tank. This lead to the conclusion that using the approach of simulating
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the entire experimental set-up to investigate the performance of the different tank models

should not be used.

The idea that, in validating a system component model the system around it should be

perfect, motivated a different method of simulating the experimental data. It was decided to

leave the collector out in the simulations and force the input values of temperature and flow

rate (Theat (t), Tmains (t), rhheat (t), rhload (t), Tenv (t)) for the tank to be as measured in the

experiments. The resulting system is shown in Fig. 4.1. Forcing the inputs can be done in

TRNSYS using the option of time dependent forcing functions and small time steps.

Considering only the tank as the system to be simulated is even more important for

complex systems such as the high flow system as described in section 3.2.

Theat (t)
4 neat (t)i

Tenv (t) SI

Tret(t

Tdel (t)

oad (t)

lk Tenv(t

Tmawj (t

Fig. 4.1 Simulated System

torage Tar
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4.2 Performance Numbers

Having found the way of simulating the experiment data the next question is how to

describe the performance of the different tank models. This is equivalent to asking which

experimental data should be compared with the simulated data. Several attempts were made

using data for the low flow system.

Since the performance of a SDHW depends on the amount of stratification in the

storage tank, the experimental top and bottom tank temperatures were compared with the

simulated ones. In these comparisons no pattern could be recognized. There is also the

difficulty that the top and bottom temperatures represented by the models are at different

locations for the multi-node model depending on the number of nodes and at variable

locations for the plug flow model due to the adaptive size of the segments.

The difficulty of the temperature locations can be avoided by comparing the mean tank

temperatures for the experimental and simulated case. There was again no recognizable

pattern that allowed any judgement on the performance of the different tank models.

Two main ideas motivated the ultimately used performance study. First, there are two

loops for the tank. There is the loop which is connected to the heat source and in which

charging of the storage tank takes place and there is the loop in which the load draw occurs

(discharging). Both loops are coupled in the sense that it is not possible to take out more

energy from the tank than what was put in (minus losses) over a long period of time, i.e.

regardless of the change in the internal energy of the tank. Although the two loops are

coupled they will be considered separately in the performance study. Second, since the

inputs to the tank match exactly the experimental data it was decided to look at the outputs

of the tank models (Tret, Tdel) and compare these with the experimental data. This is

motivated by the idea that if the outputs compare well with the experimental data then the

storage tank model is appropriate for use as a system component model. This does not
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necessarily mean that the temperature profile within the tank is well represented by the

model at all times.

Three numbers have been defined in order to compare the simulated outputs with the

experimental outputs.

For the load side (discharging) QD is defined as the difference between the predicted

and the measured delivered energy divided by the experimentally delivered energy and is

therefore

I thiload (Tde,sjmrTde,exp) dt
QD = Qde, sim - Qdel,exp dayQdel,exp f rn load (Tdelexp-Tmains) dt

J~y (4.1.1)

QD represents the relative error in the delivered energy. QD is a measure of the ability of

the model to predict the temperature of the fluid delivered to the load. An overprediction of

TdeLexp (averaged over time) results in a positive relative error in the delivered energy and

vice versa.

For the heat source side (charging) QI is defined as the difference between the

simulated and the experimental energy input from the heat source divided by the measured

energy input and is therefore

J. rheat(Tret, exp-Tret, sim) d

QI = Qin,sim 
- Qin,exp 

day

Qin,exp J r\heat (Theat-Tretexp) dt

day (4.1.2)
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QI represents the relative error for the energy input into the tank. QI is a measure of the

ability of the model to predict the temperature of the fluid returned to the heat source. An

underprediction of Tretexp (averaged over time) results in a negative relative error in the

energy input into the tank and vice versa. QD and QI are coupled in the same sense as Qi.

and Qdel as described above.

A second number has been defined for the heat source side which is also a measure of

the ability of the model to predict the heat source return temperature but does not allow the

compensation of positive with negative deviations of Tretsim from Tretexp. This

dimensionless performance number P is

Stoff .h2
Jeheat Cf2 (Tretexp-Tret, sim)2 At2

t=ton

rnhey at Cf(T heat-T retexp) dt

where ton -- time when the flow from the heat source begins

toff = time when the flow from the heat source ends.

The denominator represents the experimental energy input into the tank. The numerator is a

sum of the squared errors in the energy input into the tank. Eqn (4.1.3) can therefore be

rewritten as

toff

t^/XAQ7'm
Q (4.1.4)



69

The values of AQin are determined by both the magnitude of the heat source flow rate,

riheat, and the magnitude of the temperature errors Tret,exp - Tret,sim. Therefore P increases

if rhheat increases for the same Tret, exp - Tret,sm or P increases if Tret,exp - Tret,sim increases

for the same ihheat. The higher the value of P the poorer is the performance of the tank

model under investigation.

4.3 Simulations with TRNSYS

In this section some details about the performed simulations using TRNSYS are given.

The time step used to simulate the low flow data was 3 minutes. This has been seen to

be small enough to trace the experimental data used as inputs to the tank reasonably well.

For simulating the high flow data a time step of 15 seconds was employed so that during

the load draws the measured load flow rate could be tracked. Volume was drawn as

measured in the experiments for the high flow system rather than energy. The relative error

tolerance controlling the integration error and the relative error tolerance controlling the

convergence of input and output variables were both set equal to 0.001. Successive test

days were simulated until the system reached a steady-periodic state.

Equally sized nodes were specified for the multi-node model. The use of unequally

sized nodes (smaller nodes in the region of the thermocline) can only be motivated by

additional information about the temperature profile in the tank during the whole

simulation. The thermocline would have to be restricted to a certain region inside the tank.

Table 4.1 summarizes the parameters for the multi-node model used in the TRNSYS

simulations.
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Low Flow High Flow

System System

Parameter Description Value Value Unit

Mode mode of operation 1, 2 or 31) 1, 2 or 31) [_]

VT tank volume 0.18 0.223 or 0.2722) [M3]

Cf fluid specific heat 4.19 4.19 [kJ/(kg_°C)]

Pf fluid density 1000 1000 [kJ/m3]

UT loss coefficient3 ) 8.97 5.37 or 5.262) [kJ/(hC 2)]

D inlet pipe diameter 0.0127 0.0159 [i]

H tank height 0.92 1.37 [m]

Table 4.1 Parameters for the Simulations with the Multi-Node Model

The plug flow model has the option of specifying the height of the heat source inlet

position above the bottom of the tank, Hin. This option was used for the solar storage tank

of the high flow system (cf. Fig. 3.4). It could be seen that including heat conduction in

the plug flow model has little influence on the performance of the model (Q&l decreased by

less than 1.5 %). For this reason and since the solution procedure can also become

computationally expensive when conduction is included (cf. section 2.2) it was decided to

omit heat conduction. The ratio of thickness of top insulation to thickness of side

insulation was assumed to be 1. This was done because not enough information about the

insulation thickness was available. The insulation thickness of commercially used hot

water storage tanks, as used in the experiments, generally shows some irregularities (non

constant insulation thickness at the top and due to piping locations). It could also be seen

that changing rij by a factor of two result in changes in Qde of less than 0.5 % and in Qen

1) 1- fixed inlet positions, 2 - variable inlet positions, 3 - include plume entrainment
2) small or large solar storage tank, respectively
3) per unit area
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of less than 2 %. Table 4.1 summarizes the parameters for the plug flow model used in the

TRNSYS simulations. A TRNSYS example deck (input data file) is given in Appendix C.

Low Flow High Flow

System System

Parameter Description Value Value Unit

Mode mode of operation 1,2 or 31) 1, 2 or 31) [-1

VT tank volume 0.18 0.223 or 0.2722) [M3]

H tank height 0.92 1.37 [m]

Hin heat source inlet 0.924) 0.824) [m]

Cf fluid specific heat 4.19 4.19 [kJ/(kg C)]

pf fluid density 1000 1000 [kg/m 3]

kf heat conductivity 0 0 [kJ/(h m 'C)]

Tank configuration 15) 15) [-]

UA loss coefficient 16.45 12.27 or 13.462) [kJ/(h °C)]

rins 6) 1 1 [-1

Tinit7 )  initial temperature 15 408) [°_C]

D inlet pipe diameter 0.0127 0.0159 [m]

Table 4.2 Parameters for the Simulations with the Plug Flow Model

1) 1 - fixed inlet positions, 2 - variable inlet positions, 3 - include plume entrainment
2) small and large solar storage tank, respectively
4) above bottom of tank
5) vertical cylinder
6) ratio of thickness of top insulation to thickness of side insulation
7) of the preheat portion of the tank
8) varies according to the experimental procedure
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Chapter 5

Discussion of Results

This chapter presents the results obtained by applying the performance study as described

in chapter 4 to the experimental data introduced in chapter 3. Also included is a study of

computational speed for the investigated models.

5.1 Energy Quantities

In this section, the results based on the relative errors in the energy input into the tank, QI,

and relative error in the delivered energy, QD, as defined in Eqns (4.1.1) and (4.1.2) are

presented. The reader is reminded that a positive value of QI, corresponding to an

overprediction in the energy input into the tank, results from an underprediction of the

temperature of the fluid returned to the heat source and vice versa. Similarly, a positive

value of QD, corresponding to an overprediction of the delivered energy, is caused by an

overprediction of the temperature of the fluid delivered to the load and vice versa. In the

figures the results for QI and QD are plotted for the multi-node models with two, three and

four nodes. Then the best values of QI and QD for the corresponding numbers of nodes

between five and fourteen (or the values of QI and QD for the eight-node model if the best

case is not obtained for the multi-node model with a number of nodes between fife and

fourteen) are shown. Finally the values of QI and QD for the multi-node models with

fifteen nodes are plotted to show the results for the maximum number of nodes.
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5.1.1 Comparisons for the Low Flow System

This section presents the results for the relative errors in the energy quantities, QI and QD,

obtained with the experimental data measured at Queen's University, Kingston, Ontario.

The results obtained with tests #1 to 4 will be analyzed first in order to see the effect on the

predictions of the energy quantities when the heat source flow rate, rilheat, is increased for a

given load profile (cf. Table 3.1). Figs 5.1 to 5.4 show the values of QI and QD for the

tests #1 to 4.

The assumption of a uniform temperature for the fully mixed tank model leads to a

significant underprediction of the energy input into the tank. As the heat source flow rate is

increased in the different tests the values of QI increase from - 43 % for fiheat = 24 kg/h to

- 36 % for rhheat = 60 kg/h. This trend indicates decreasing stratification in the tank, as

observed in the experiments for increasing heat source flow rate.

The plug flow model with fixed inlets overpredicts the energy input to the tank by + 9

% for Iiheat = 24 kg/h. The value of QI decreases to - 1.5 % as the heat source flow rate

increases to rfiheat = 60 kg/h. The plug flow model with variable inlets shows the same

trend as the plug flow model with the fixed inlet option in that QI decreases as rhheat is

increased. The values of QI are higher for the plug flow model with variable inlets (+ 12 %

for riheat- =24 kg/h to + 5 % for ihheat =60 kg/h) than for the plug flow model with fixed

inlets. This behavior is expected because the plug flow model with variable inlets inserts

fluid from the heat source that is colder than the segment(s) at the top of the tank below

these segment(s) which ultimately results in a lower return temperature to the heat source

than obtained for the plug flow model with fixed inlets. For the plug flow model with

fixed inlets the top of the tank is cooled down by mixing if the temperature of the heat

source fluid is lower than the temperature(s) of the top segment(s). Therefore the bottom

segments are less influenced by a low temperature of the heat source flow. The plug flow

model, which includes plume entrainment, underpredicts the relative error in the energy
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input to the tank by values between - 5 % and - 3 %. No flow rate dependence is

observed.

The multi-node model with fixed inlets underpredicts the energy input to the tank for all

four tests. The degree of underprediction depends on the number of nodes. A high

number of nodes results in closer agreement with the experiments. QI increases for

increasing rnheat and a two-node model because the amount of stratification in the tank

decreases for increasing fiheat. Therefore the two-node model, which introduces a

considerable amount of mixing, gives better results. QI decreases for increasing heat

source flow rate and fifteen nodes. The value of QI undergoes higher changes for a low

value of Iiiheat when the number of nodes is changed than for a higher value of Ihheat (- 28

% to - 0.5 % for 24 kg/h compared to - 23 % to - 7 % for 60 kg/h), suggesting that the

higher the flow rate, the less crucial is the choice of the number of nodes. The multi-node

model with variable inlets predicts higher values for the energy input to the tank than the

multi-node model with fixed inlet options. The same reasoning as already discussed in

connection with the plug flow model with variable inlets applies. However, the multi-node

model with variable inlets still mostly underpredicts the measured energy input to the tank.

QI increases as the number of nodes is increased. As for the multi-node model with fixed

inlets, the extent that QI depends on the number of nodes becomes smaller for the multi-

node model with variable inlets as i heat increases (- 26 % to + 3 % for 24 kg/h compared

to -20 % to - 0.5 % for 60 kg/h). The multi-node model including plume entrainment

predicts lower values for the energy input into the tank than the multi-node model with

fixed inlets. Thus the multi-node model with plume entrainment always underpredicts the

measured values. The values of QI increase as the number of nodes increases. As for

both, the multi-node models with fixed and variable inlets the range of QI as a function of

the number of nodes becomes smaller for the multi-node model with plume entrainment as

the heat source flow rate increases (- 33 % to - 1 % for 24 kg/h compared to -25 % to - 8 %

for 60 kg/h).
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The value of the measured delivered energy is highly underpredicted by the fully mixed

tank model. The value of QD becomes larger as the heat source flow rate is increased (- 48

% for 24 kg/h compared to - 35 % for 60 kg/h). The assumption of a uniform temperature

gives better results for high values of hheat because the tank is less stratified.

The plug flow model with fixed inlets overpredicts the value of the delivered energy for

riheat = 24 kg/h by + 12 %. For the other flow rates the value of QD is about + 5 %

regardless of the value of the flow rate. The plug flow model with the variable inlet option

gives a value of + 20 % for QD at the heat source flow rate of 24 kg/h. For all other flow

rates the value of QD is about + 13 % regardless of the value of hheat. The tank top

temperature predictions are higher for the plug flow model with variable inlets than for the

plug flow model with fixed inlets because no mixing is introduced at the top of the tank.

The plug flow model, including plume entrainment, yields values between 0 % and + 3 %

for all values of fiiheat. These results show that including plume entrainment into the plug

flow model works well for the considered conditions.

The predictions of the delivered energy for the multi-node model with fifteen nodes are

within ± 1 % for tests #1 to 4. The two-node model predictions improve as rhheat increases

(- 30 % for 24 kg/h and - 19 % for 60 kg/h), concurring with the experimental results that

less stratification is observed for higher heat source flow rates. The multi-node model with

variable inlets underpredicts the values of delivered energy for small (<5) numbers of

nodes and overpredicts for a high (>10) numbers of nodes. Thus, the values of QD for the

variable inlet option are higher than those for the fixed inlet option because no mixing at the

top of the tank is introduced when the entering fluid is colder than the top node(s). The

number of nodes which gives the best predictions decreases as the flow rate increases

(eight nodes for 24 kg/h and five nodes for 60 kg/h). Less stratification is modeled for the

higher heat source flow rates as observed in the experiments. The value for QD for a

fifteen-node model is + 6 % to + 8 % for all flow rates considered. The two-node model

predictions improve as the heat source flow rate increases (- 27 % for 24 kg/h and -15 %
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for 60 kg/h). The multi-node model, including plume entrainment, underpredicts the

experimental delivered energy for all number of nodes and all flow rates considered. The

values are below those for the multi-node model with fixed inlets. The fifteen-node model

with plume entrainment gives values of - 2 % or better for all flow rates. The two-node

model predictions improve as the flow rate is increased (- 35 % for 24 kg/h compared to -

21 % for 60 kg/h).

PF - PLUG FLOW, MN - MULTI NODE, PE - PLUME ENTRAINMENT
FI -FIXED INLETS, VI -VARIABLE INLETS, N -NUMBER OF NODES (QI IQD)
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Fig. 5.1 Results for QI and QD for the Low Flow Test #1
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Fig. 5.3 Results for QI and QD for the Low Flow Test #3
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Fig. 5.4 Results for QI and QD for the Low Flow Test #4

The results of test #6 are discussed next in order to see how the increase in both the

heat source flow rate and the load volume (but not the load characteristics (cf. Table 3. 1)),

affect the performance of the different tank models. Fig. 5.5 shows the values for QI and

QD for the tank models under investigation.

The fully mixed tank model underpredicts the value of the measured energy input by -

35 %. This value of QI is higher than the values predicted for tests #1 to 4 by the same

model. This result can be explained because a higher degree of mixing in the tank due to

the higher heat source flow and load volume is represented better by the assumption of a

uniform temperature.

The plug flow model with fixed inlets predicts a value of + 3 % for QI which is

.... - - - -1 - - - -- ...,-...^ .. -.. .. . -.... I r. ,'.....AM•-....- . -1.. .• .... ....11... .. .. .... ... . 1-. .... It... ....
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obtained with tests #1 to 4 indicating that neglecting mixing for the flows of test #6 results

in incorrect energy values. The value of QI (+ 1.5 %) for the multi-node model with plume

entrainment is higher than for tests #1 to 4 but shows good performance.

The values of QI for the multi-node models with fixed inlets, variable inlets and plume

entrainment are slightly higher than those for test #4. They change by the same amount

when the number of nodes is increased as in test #4, suggesting that the further increases in

the heat source flow and load volume for these "higher" values does not affect the model

predictions very much.

The value of the delivered energy is underpredicted by the fully mixed tank model by -

37 %. This value is close to the results obtained for tests #3 and 4.

For the plug flow model with fixed inlets the value of QD is + 9 %. The reason for this

overprediction is seen in the fact that the model does not take enough mixing at the top into

account. This is even more the case for the plug flow model with variable inlets which

yields a value of + 18 % for QD. Also the plug flow model with plume entrainment does

not satisfactorily account for the mixing at the top of the tank and results in + 8 %

overprediction for the higher heat source flow rate and load volume.

The values of QD for the multi-node models with fixed inlets, variable inlets and plume

entrainment are close to the values obtained for tests #3 and 4. This suggests that the

further increase in the heat source flow rate and load volume for these "higher" values does

not affect the model predictions very much.
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Fig. 5.5 Results for QI and QD for the Low Flow Test #6

Fig. 5.6 shows the results for the test #5 in which the load draw is done at the end of

the day.

The fully mixed tank model greatly underpredicts the the energy input to the tank as

well as the delivered energy. The value of QI is - 34 % and the value of QD is - 40 %.

These results show that too much mixing is introduced which is not appropriate for the time

when the tank is charged and the time when the tank is discharged because during charging

and discharging there are considerable amounts of stratification in the tank as shown in Fig.

5.7.

The plug flow model with fixed inlets gives the same results as the plug flow models

with variable inlets or with plume entrainment. This is because the temperatures of the tank

during the day rise continually causing that Thea is always greater than the temperature at

the top of the tank so that neither the variable inlet option nor plume entrainment are
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employed. Also the temperature of the mains water is the lowest temperature in the system

so that the variable inlet option is not used during the load draws. The values for both, QI

and QD (- 0.5 % and + 1.5 %, respectively) show good performance for the plug flow

models.

All of the multi-node models also give the same values for QI and QD for a fixed

number of nodes. The reason for that is already discussed in connection with the plug flow

models. The values for QI change from - 22 % to - 6 % as the number of nodes increases

from two to fifteen. The values for QD change from - 26 % to - 6 % as the number of

nodes is increased from two to fifteen. The underprediction for both QI and QD is

attributed to the fact that too much mixing is introduced by the multi-node models. The

multi-node models with two nodes introduce more mixing than the multi-node models with

fifteen nodes, hence the two-node models give poorer performance.
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0.5
0QI

0.3

- 0. 3: :' : %n• n
0. .I ....I!...' ....it... .... ... ..

-0. .... i .. ..... ' ........ .... ... ..........

-0.5

Fig. 5.6 Results for QI and QD for the Low Flow Test #5
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Fig. 5.7 Tank Temperatures for the Low Flow Test #5

5.1.2 Comparisons for the High Flow System

This section presents a discussion of the model predictions for the experimental energy

quantities as measured by Colorado State University and described in detail in section 3.2.

The results for either QI or QD will be discussed together for tests #1 to 8. They are

shown in Figs 5.8 to 5.15.

In investigating the results obtained for the predictions of the energy quantities it was

observed that the tests can be divided into two groups, characterized by the two different

values of the heat source flow rate. All tests having odd test numbers correspond to a heat

source flow rate, Ihheat, of 171 kg/h and all tests with even test numbers correspond to

rnlheat -" 342 kg/h. Similar results were obtained for the two groups of tests that differ in
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the value of the heat source flow rate. The range of the values for QI and QD for the tests

with rhheat = 171 kg/h is larger than the range of the values for the tests with rhheat = 342

kg/h. This observation indicates that choosing a particular model for the higher heat source

flow rate (342 kg/h) is less crucial than choosing a model for the lower heat source flow

rate (171 kg/h). No pattern corresponding to the two different collector areas (amount of

energy input), the two different tank volumes or the two different collector flow rates (cf.

Table 3.3) could be found.

The fully mixed tank model significantly underpredicts the energy input into the tank

for all eight tests. The values of QI for Ihheat = 171 kg/h range from - 21 % to - 15 % and

the values of QI for the heat source flow rate of 342 kg/h range from - 20 % to - 18 %.

The values of QI show that no improvements are obtained for the tests with the higher heat

source flow rate, suggesting that the fully mixed tank model is never appropriate to be used

as a thermal storage tank model.

The plug flow model with fixed inlets overpredicts the energy input into the tank for all

eight tests. The values of QI depend on the values of the heat source flow rate. For rhheat

= 171 kg/h the values of QI range from + 12 % to + 21%. For lheat = 342 kg/h the

values of QI are lower and range from + 3 % to + 4 %. The plug flow model with variable

inlets gives higher values for QI than the plug flow model with fixed inlets. For the lower

heat source flow rate, the values of QI range from + 21 % to + 29 % and for the higher heat

source flow rate the values of QI range from + 12 % to + 15 %. The differences between

the higher values of QI for the plug flow model with variable inlet positions and the lower

values of QI for the plug flow model with fixed inlet positions result mainly from the time

after the load draw at hour 12 of the day when the variable inlet option is employed. The

values of QI for the plug flow model with plume entrainment are close to those for the plug

flow model with fixed inlets (less than 1.5 % difference for all eight tests). This

observation can be explained because plume entrainment does not significantly change the
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temperatures of a tank that is nearly at uniform temperature during the time of heat source

flow.

The values of QI for the multi-node model with fixed inlets and two nodes are between

- 5 % and + 3 % for thheat = 171 kg/h and between - 7 % and - 4 % for rhheat = 342 kg/h.

As the number nodes increases the values of QI increase and reach values between + 13 %

and + 23 % for the lower heat source flow rate and between + 4 % and + 8 % for the

higher heat source flow rate when fifteen nodes are used. The number of nodes for which

the values of the energy input into the tank best represent the experimental data range from

two to five. The multi-node models with these numbers of nodes model the same amount

of mixing as observed in the experiments. The results obtained for QI for the multi-node

model with variable inlets are close to those for the multi-node model with fixed inlets if the

number of nodes is small (less than 0.8 % if two or three nodes are employed). The

differences in QI between the multi-node model with fixed inlets and the multi-node model

with variable inlets increase as the number of nodes increases but does not exceed 2 % for

the tests with rheat = 171 kg/h and 5 % for the tests with riheat = 342 kg/h when fifteen

nodes are employed. The higher values of QI are obtained for the variable inlet option.

The multi-node model with two nodes including plume entrainment yields values of QI that

are between 4 % and 6 % lower than the values obtained for the multi-node model with two

nodes and fixed inlets. The differences in QI between both models reduce to less than 1 %

when the number of nodes is increased to fifteen.

For the relative error in the delivered energy, QD, the fully mixed tank model gives

values between - 26 % and - 23 % for the heat source flow rate of 171 kg/h and values

between -23 % and -20 % for rihheat = 342 kg/h. As before, these results suggest that the

fully mixed tank model is never appropriate to be used as a thermal storage tank model.

The plug flow model with fixed inlets overpredicts the delivered energy for all eight

tests. The values of QD depend on the values of the heat source flow rate. For I'iheat =

171 kg/h QD lies between + 9 % and + 19 %. For thlheat = 342 kg/h the values of QD are
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lower than the values of QD for Ilht = 171 kg/h and range from + 6 % to + 9 %. The

plug flow model with variable inlets predicts higher values for the delivered energy than the

plug flow model with fixed inlets. For the lower heat source flow rate the values of QD

range from + 23 % to + 26 % and for the higher heat source flow rate the values of QD are

between + 16 % and + 20 %. The values of QD for the plug flow model with plume

entrainment are close to those for the plug flow model with fixed inlets (less than 2 %

difference for all eight tests). The same reasoning as already discussed in connection with

QI applies.

The values of QD for the multi-node model with two nodes and fixed inlets are between

- 7 % and -4 % for Iilheat = 171 kg/h and between -7 % and - 2.5 % for rhheat = 342 kg/h.

As the number of nodes increases, the values of QD increase and reach values between +

13 % and + 17 % for the lower heat source flow rate and values between + 6 % and + 12

% for the higher heat source flow rate when fifteen nodes are used. The numbers of nodes

for which the values of the delivered energy represent the experimental data best are three if

rhheat = 171 kg/h and two or four if rhheat = 342 kg/h. Thus, two to four nodes model the

same amount of mixing as observed in the experiments. Based on QI it was found that the

number of nodes for the multi-node model with fixed inlets which represent the

experimental data best are two to five. The results obtained for QD for the multi-node

model with variable inlets are close to those for the multi-node model with fixed inlets if the

number of nodes is small (less than 0.9 % difference when two or three nodes are

employed). The differences in QD between the multi-node model with fixed inlets and the

multi-node model with variable inlets increase as the number of nodes increases but does

not exceed 2.5 % for the tests with 1ilheat = 171 kg/h and 5 % for the tests with rinheat = 342

kg/h when fifteen nodes are used. The higher values of QD are obtained for the variable

inlet option. The multi-node model with two nodes including plume entrainment yields

values of QD that are between 4 % and 7 % lower than the values obtained for the multi-



86

node model with two nodes and fixed inlets. The differences in QD between both models

reduce to less than 1 % when the number of nodes is increased to fifteen.
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Fig. 5.8 Results for QI and QD for the High Flow Test #1
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Fig. 5.10 Results for QI and QD for the High Flow Test #3

87



88

PF - PLUG FLOW, MN - MULT1 NODE, PE - PLUME ENTAINMENTFI - FIXED DNL=S, VI - VARIABLE INLETS, N - NUMBER OF NODES (QI/ QD)

... .... . . . . . ...: .. . . i

i ....., f...... i........ ....

.. .. .... .... .... ..... .. .. ..... ..,..... ...... ... ...... ..... ............... ..i. ............... ......... .. .... .....

Fig. 5.11 Results for QI and QD for the High Flow Test #4
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Fig. 5.13 Results for QI and QD for the High Flow Test #6
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Fig. 5.14 Results for QI and QD for the High Flow Test #7

U QI
QD

0

0.5

0.3

0.1

-0.1

-0.3

-0.5

QI
I QD

0.5

0.3

0.1

-0.1

-0.3

-0.5



90

M QI
0 QD

0

0.5

0.3

0.1

-0.1

-0.3

-0.5

PF - PLUG FLOW, MN - MULTI NODE, PE - PLUME ENTRAINMENT
FI - FIXED INLETS, VI - VARIABLE INLETS, N - NUMBER OF NODES (QI IQD)

Is. ... ...,... .. .......i...,...i.. ..."..,........ .........! .... ...... . .... .... ..... --.. . "

.... .ltl -...". .. .;... . ' .. ;.... ..... .,.. ..I ..f ..." I. ... ..... .. i.-..

..... .. ... ..... ...... i 0 ..... l i ' l l "

• : ' ' - - i ll i i i'-i , i i -

! i i !tll .i! i ! ! i i

Fig. 5.15 Results for QI and QD for the High Flow Test #8

5.2 Heat Source Return Temperature

In this section the results for the ability of the different tank models to represent the heat

source return temperature as measured in the experiments are discussed. The measure used

to describe the performance of the different tank models is the dimensionless performance

number P which is defined in Eqns (4.1.3) and (4.1.4) as the square root of the sum of the

errors in the energy input squared divided by the total energy input. The reader is reminded

that high values of P, indicating poor performance, can be caused by either high values of

the heat source flow rate or large deviations of the simulated heat source return temperature

from the measured heat source return temperature. As for the relative errors in the energy

quantities, the results for the performance number P are plotted for the multi-node models
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with two, three and four nodes. Then the best value of P for the corresponding number of

nodes between five and fourteen is shown (or the value of P for the eight-node model if the

best case is not obtained for the multi-node model with a number of nodes between five and

fourteen). Finally the value of P is plotted for the fifteen-node model to show the results

for the maximum number of nodes.

5.2.1 Comparisons for the Low Flow System

This section presents the results for the performance number P obtained with the

experimental data measured at Queen's University, Kingston, Ontario.

The results for tests #1 to 4 will be analyzed first in order to see the effect on P when

the heat source flow rate, rhheat, is increased for a given load profile (cf. Table 3.1). Figs

5.16 to 5.19 show the values of P for the tests #1 to 4.

The values of P obtained for the fully mixed tank model are between 0.0298 and

0.0338. The fully mixed tank model gives the highest values of P (poorest performance)

of all the models for all four tests.

The plug flow model with fixed inlets yields a value of 0.0126 for P if Tiiheat = 24 kg/h.

The values of P increase to 0.0334 as the heat source flow rate is increased to 60 kg/h. The

values of P for the plug flow model with variable inlets are between 4 % and 16 % lower

than the corresponding values for the plug flow model with fixed inlets. The differences in

P decrease as rhheat increases. The values of P obtained for the plug flow model with

plume entrainment are between 6 % lower and 11 % higher than the values for the plug

flow model with fixed inlets. An observation for all the plug flow models is that the

performance improves (P decreases) as the heat source flow rate decreases.

The multi-node model with two nodes and fixed inlet positions yields values of P

between 0.0189 and 0.0246 for tests #1 to 4. The values of P decrease for all four tests as
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the number of nodes is increased. The numbers of nodes for which P reaches the lowest

values depend on the heat source flow rate and and is fifteen if the heat source flow rate is

24 kg/h or 36 kg/h. For Ihheat = 48 kg/h the number of nodes showing the best

performance is thirteen and for lilheat =60 kg/h eleven nodes give the lowest values of P.

For the latter two tests, P increases again when the number of nodes is further increased.

The best values of P for the multi-node model with fixed inlets are between 0.0063 and

0.0149. The multi-node model with two nodes and variable inlet positions predicts values

of P that are between 5 % and 15 % lower than the values obtained with the two-node with

fixed inlets. The difference in P between the two-node models with fixed and variable

inlets increases as the heat source flow rate increases. The values of P for the multi-node

model with variable inlet positions decrease for all four tests as the number of nodes is

increased. The numbers of nodes for which P reaches its lowest values depend on the heat

source flow rate. Fifteen nodes yield the best value of P for rhheat = 24 kg/h. For each

further increase in the heat source flow rate by 12 kg/h the number of nodes giving the best

value for P drops by three until six nodes are reached for *iheat = 60 kg/h. The best values

of P for the multi-node model with variable inlet positions are between 0.0059 and 0.0139.

The values of P for the multi-node model with plume entrainment are always higher (by up

to 38 %) than the values of P for the multi-node model with fixed inlets. Thus, no

improvement is achieved by adding plume entrainment to the multi-node model. An

observation for all the multi-node models is that the numbers of nodes which result in the

best values for P decrease as the heat source flow rate increases.



0.05

p

0.04

0. 4 ..i..."'...:.. ' .. ......... ... . .... ..... ...".. -

0.03

0.01 .... .... .....

0

Fig. 5.16 Results for P for the Low Flow Test #1

0.05

P

0.04

0.03

0.02

0.01

0

PF - PLUG FLOW, MN - MULTI NODE, PE - PLUME ENTRAINMENT
FI - FIXED INLETS, VI - VARIABLE INLETS, N - NUMBER OF NODES

Fig. 5.17 Results for P for the Low Flow Test #2

93



0.05

P

0.04

0.03

0.02

0.01

0

PK - PLUG FLOW, MN - MULTI NODE, PE - PLUME ENTRAINMENT
FI - FIXED INLETS, VI - VARIABLE INLETS, N - NUMBER OF NODES

Fig. 5.18 Results for P for the Low Flow Test #3

PF - PLUG FLOW, MN -MULTI NODE, PE -PLUME ENTRAINMENT
FI FIXED INLETS, VI VARIABLE INLETS, N NUMBER OF NODES0.05 ", , , , , , , , , -, , , - - - ' - - ' ' . '

P ft ..... ...... . .. .... ....0 . ...,

0.040.0 vP .... ..... I•...

0.02 .. .. ..

(1W

.... . . . . . . .. . . . . ". . . . . .

0.01

0

Fig. 5.19 Results for P for the Low Flow Test #4

94



95

The results for test #6 are discussed next in order to see how the increase in both the

heat source flow rate and the load volume (but not the load characteristics (cf. Table 3.1))

affect the values of P for the different tank models. Fig. 5.20 shows the results of P for

test #6.

The fully mixed tank model gives a value for P of 0.0347 which is less than 3 % higher

than the value obtained with test #4.

The increase in the heat source flow rate and load volume results in a further increase in

P for all the plug flow models compared to the values obtained for test #4. The increase in

P for the plug flow model with fixed inlets is 25 % and for the plug flow model with

variable inlets the increase is 15 %. The value of P is increased by 25 % for the plug flow

model with plume entrainment. The values of P for the plug flow model exceed the value

of P for the fully mixed tank model for test #6.

The values of P for test #6 for the multi-node models are higher than the values of P for

the corresponding models in test #1 to 4. The increases in P lie between 2.5 % and 301 %

(!) and depends on the particular tests and models that are compared. The range of change

of P for the multi-node models in test #6 lies between 23 % and 27 % (with respect to the

lowest value of P) when the number of nodes is changed. The range of change of P for the

multi-node models in tests #1 to 4 as the number of nodes is varied is higher and is found

between 51 % and 199 %. The numbers of nodes for which P reaches the best values for

test #6 are lower than those obtained for tests #1 to 4. For the multi-node model with fixed

inlets six nodes give the best values of P and the multi-node model with variable inlets

yields the best value of P when five nodes are used. The number of nodes for which P

reaches its lowest value is seven for the multi-node model with plume entrainment. The

best value of P for test #6 and the multi-node model with fixed inlets is 48 % higher than

the best value of P for test #4 and the multi-node model with fixed inlets. For the multi-

node model with variable inlets the best value of P is increased by 41 % for test #4 if it is

compared with test #6.
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Fig. 5.21 shows the results for the test #5 in which the load draw is done at the end of

the day.

The fully mixed tank model gives a value for P of 0.0309. This value lies within the

range of the values of P obtained for the fully mixed tank model in tests #1 to 4 and test #6.

The values of P for test #5 for the plug flow models are higher than the values of P for

the fully mixed tank model. The highest value of P is obtained for the plug flow model

with fixed inlets and is 0.0403. The values of P for the plug flow models with variable

inlets or with plume entrainment are 5 % or 7 % lower than the value of P for the plug flow

model with fixed inlets, respectively.

The multi-node model with two nodes and fixed inlets yields a value for P of 0.0209.

The values of P obtained for the two-node models with variable inlets or with plume

entrainment are within 2.5 % of the value of P for the two-node model with fixed inlets.
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The values of P decrease for all the multi-node models as the number of nodes is increased.

Fifteen nodes give the best values of P for all the multi-node models. The values of P for

the fifteen-node models are between 0.0055 and 0.0059. Thus for test #5 the multi-node

models show considerably better performance than either the fully mixed tank model or the

plug flow models.
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Fig. 5.21 Results for P for the Low Flow Test #5

5.2.2 Comparisons for the High Flow System

This section presents the results for the performance number P obtained with the

experimental data as measured by Colorado State University. The values of P for the

different tank models are plotted in Figs 5.22 to 5.29 for all eight tests.
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The tests can be divided into two groups characterized by the two different values of the

heat source flow rate, as also done for the discussion of the results for the energy

predictions. Tests with odd test numbers correspond to a heat source flow rate, flhheat, of

171 kg/h and tests with even test numbers correspond to thheat = 342 kg/h. The values of

P for the two groups characterized by the values of fiheat differ roughly by a factor of two.

The tests having the higher heat source flow rate (342 kg/h) give the higher values of P and

the tests with the lower heat source flow rate (171 kg/h) result in the lower values of P.

This observation suggests that the difference in P results from the value of the heat source

flow rate rather than from the deviations of the simulated heat source return temperature

from the measured heat source return temperature (cf. Eqn (4.13)). Within each of the two

groups characterized by different values of thheat it can also be observed that the values of P

for the tests with the small collector area (low energy input; tests #1 ,2, 5 and 6) are higher

than the values of P for the tests with the large collector area (high energy input; tests #3, 4,

7 and 8). However the differences due to the different amounts of energy input are less

marked than the differences due to the different heat source flow rates. The results for tests

#1 to 8 will be discussed together and the differences resulting from different values of the

heat source flow rate or the collector area, A, will be pointed out as necessary.

The values of P for the fully mixed tank model are between 0.0372 and 0.0598. The

fully mixed tank model shows the least dependence for the range of the values of P on the

heat source flow rate and the collector area.

The values of P for the plug flow model with fixed inlets and for the tests with the

lower heat source flow rate and the small collector area (2.78 m2) are 17 to 26 % higher

than the values of P for the fully mixed tank model. The plug flow model with fixed inlets

results in values of P that are between 7 % and 11 % lower than the values of P for the

fully mixed tank model when rhheat -- 171 kg/h and the collector area is large (5.56 in2).

For the higher heat source flow rate the plug flow model with fixed inlet positions predicts

predicts values of P that are 33 % to 51 % higher than the values of P obtained for the fully
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mixed tank model. The values of P for the plug flow model with variable inlets are less

than 3 % higher than the values of P for the plug flow model with fixed inlets for the lower

heat source flow rate and the large collector area. For all other tests the values of P for the

plug flow model with variable inlets are lower than the values of P for the plug flow model

with fixed inlets but no more than 13 %. The plug flow model with plume entrainment

yields values of P that are between 0 % and 9 % lower than the values of P for the plug

flow model with fixed inlets if rthheat = 171 kg/h. For rhheat = 342 kg/h the plug flow

model with plume entrainment gives values of P that are between 14 % and 17 % lower

than the values of P for the plug flow model with fixed inlets.

The multi-node model with two nodes and fixed inlets results in values of P between

0.0206 and 0.0241 for the lower heat source flow rate. The values of P for the higher heat

source flow rate and the large collector area are 0.0442 and 0.0444 and for the higher heat

source flow rate and the small collector area values of 0.0316 and 0.0290 are obtained.

The values of P for the two-node model with variable inlets are within 6 % of the values of

P for the two-node model with fixed inlets. The two-node model with plume entrainment

results in values of P that are between 14 % and 34 % higher than the values of P for the

two-node model with fixed inlets for all eight tests. As the number of nodes for all multi-

node models is increased, the values of P change and after reaching a lowest value for a

certain number of nodes the performance numbers P increase again when the number of

nodes is further increased. The number of nodes which gives the best value of P for the

multi-node model with fixed or variable inlet positions is four for Ihheat = 171 kg/h and A,

= 5.76 M2. For all other tests two or three nodes give the best results for the multi-node

models with fixed or variable inlets. For the multi-node model with plume entrainment the

numbers of nodes which yield the lowest values for P are four or five. The lowest values

of P for the multi-node model with variable inlets are between 0 % and 13 % lower than the

best values for the multi-node model with fixed inlet positions. The best values of P for the
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multi-node model with plume entrainment are 0 % to 6 % higher than the lowest values of

P for the multi-node model with fixed inlets.
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Fl -F(ED INLETS, VI - VARIABLE BILE, N - NUMBER OF NODES

0.1

I
0.08

• : ; i i: : " ::In

0.04 4n -. r 

006~ ""C4, 9 i

0.02 .... .... : .. :...... :, .. .......

0.02

0i

Fig. 5.22 Results for P for the High Flow Test #1
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5.3 Choice of Number of Nodes

In the previous sections it has been seen that the performance of the multi-node models, as

described by the relative errors in the energy input and the delivered energy, QI and QD,

respectively, or the dimensionless performance number P, depends on the number of nodes

chosen. In this section the attempt is made to find a relationship between the number of

nodes to be used and the conditions under which the tank operates. The quantities that

were varied significantly during the experiments or simulations are the values of the heat

source flow rate, the load draw profiles (only for the low flow system), the collector area

and the collector flow rate (the latter two quantities only for the high flow system). The

variation of the collector area and the collector flow rate have been seen to have little

influence on the results obtained for a multi-node model with a particular number of nodes.

The parameters of the tanks (geometry, inlet positions and UA-value) are fixed and the

ambient temperature was nearly constant during the tests. To relate the number of nodes to

be used with the heat source flow and load flow a mean number of tank turnovers, T, has

been defmed as

T Mheat + Mloa
Mr (5.1)

Mheat represents the total daily mass of the fluid coming from the heat source and is defined

as

Mha= f heat dt
J~day(5.2)

Similarly, Mload stands for the total daily mass of the fluid removed to the load and is

therefore
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Mload = fda hiload&
Jay (5.3)

MT represents the mass of the fluid in the tank. Table 5.1

test numbers of the low flow tests and the high flow tests.

relates the values of T with the

Low Flow System High Flow System

T Test # T Test #

2.456 1 6.636 7

3.011 2 6.71 5

3.617 3 7.955 3

4.244 4 7.987 1

2.683 5 11.581 8

6.083 6 11.915 6

14.094

14.143

2

4

Table 5.1 Mean Number of Tank Turnovers for the Low Flow Tests and the High Flow Tests

The numbers of nodes which give the best values of QD, QI and P for each test are

plotted in Figs 5.30 and 5.31 for all low flow and high flow tests as a function of T for the

multi-node model with fixed inlet positions and the multi-node model with variable inlet

positions, respectively. The multi-node model with plume entrainment was omitted from a

similar analysis because it generally requires a larger number of nodes to represent the

experimental data. Also the multi-node model with plume entrainment can become

computationally expensive under certain conditions (cf. section 5.4). Considering Figs

5.30 and 5.31 several observations can be made.
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The three different numbers used to describe the performance of the multi-node models

do not give the same results for the best number of nodes for a particular test.

The model predictions (energy input, delivered energy and heat source return

temperature) for the multi-node models with small ( 4) numbers of nodes differ more

from each other than the results for the multi-node models with large (2t 8) numbers of

nodes (e.g. if the number of nodes is changed from two to three then this results in about 8

% difference in the energy quantities compared to about 1 % difference in the energy

quantities if the number of nodes is changed from ten to twelve). This behavior influences

the change in the values of the numbers used to describe the performance of the tank

models as a function of the number of nodes and therefore results in a higher sensitivity of

the best number of nodes to experimental errors if the best number of nodes is large.

If the best number of nodes is determined to be fifteen then this indicates that the results

were continually improving as the number of nodes was increased. The values of the

performance numbers might still have improved if the number of nodes could have been

further increased (the maximum number of nodes in the current implementation is fifteen).

From this point of view fifteen nodes is an "artificially" introduced maximum number of

nodes.

Two different physical systems are plotted on one graph. The values of T for the low

flow system range from 2.5 to 6.1. The values of T for the high flow system are between

6.6 and 14.1. A significant change in the best number of can be observed at the transition

from the low flow system to the high flow system. The question what would happen if the

values of T for the low flow system were further increased or if the values of T for the high

flow system were further decreased remains unanswered.

A different approach has been taken to find a practical relationship between the mean

number of tank turnovers and the number of nodes to be used. In Figs 5.32 and 5.33 the

smallest numbers of nodes possible, for which the relative errors in the energy quantities

do not exceed 5 % and the performance number P is less than 1.1 times the best value of P
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(for a particular test), Pbst, are plotted for the multi-node model with fixed inlets and the

multi-node model with variable inlets, respectively. Since the multi-node models predict

larger energy quantities as the number of nodes is increased, the 5 % tolerance for QI and

QD means that not more than 5 % underprediction of the energy quantities is allowed.

Introducing the above criteria for the choice of the appropriate number of nodes is

motivated by two ideas. It was possible, in eleven out of seventeen cases, to get rid of the

"artificial" limit of fifteen nodes which will help to find a more reasonable curve fit (number

of nodes versus mean number of tank turnovers). The computational efficiency depends

strongly on the number of nodes chosen (will be discussed in section 5.4). A large number

of nodes requires more CPU-time. By using the tolerances defined above to find the

appropriate number of nodes, rather than choosing the number of nodes which give the

best results for QD, QI and P, the number of nodes could be reduced significantly (by up to

eight nodes).

Power function curves optimized by the method of least squares were fitted to the

numbers of nodes plotted in Figs 5.32 and 5.33 versus the mean number of tank turnovers.

It can be observed that the multi-node model with fixed inlets results in higher values for

the appropriate number of nodes than the multi-node model with variable inlets. The fitted

curves based on QD, QI and P are close (propose the same number of nodes to be used) if

the mean number of tank turnovers is less than five. Greater differences in the number of

nodes to be used for a particular mean number of tank turnovers arise if T is further

decreased, but the reader is reminded that the results obtained with the multi-node models

with large numbers of nodes are close if the number of nodes is changed by one or two.

An investigation of the errors in predicting the energy quantities introduced when using

the number of nodes as proposed by the fitted curves (an average number of nodes was

taken for T less than five) has been performed. For the multi-node model with fixed inlets

QIlis greater than -10 %and less than +10 %and QD lies between -12 %and +7 %if the

number of nodes is chosen according to the fitted curves in Fig. 5.32. For the multi-node
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model with variable inlets the error in the energy input into the tank lies between - 12 % and

+ 10 % and the error in the delivered energy is found between - 13 % and + 7 % if the

number of nodes proposed by the fitted curves of Fig. 5.33 is used.
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5.4 Computational Efficiency

The selected models were also compared with respect to their computational efficiency.

Therefore a simple TRNSYS deck with three type 14 forcing functions, one type 24

integrator, one type 25 printer and the tank model under investigation was set up. Two

hundred similar days for various heat source flow rates and time steps were simulated. The

heat source flow rate was operating eight hours per day. The temperature of the fluid from

the heat source was specified as hourly step profile with first rising and then falling

temperatures in order to force the variable inlet option and plume entrainment to be

employed. An hourly load profile was specified with four equal draws equally distributed
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during the time of the heat source flow. The load flow rate was chosen to be half of the

heat source flow rate. The tank parameters were the same as those specified in Tables 4.1

and 4.2 for the tank of the low flow system. The simulations were performed on a

VAXstation 3100 Model 38. Table 5.2 shows the CPU-seconds for the different tank

models which was obtained by subtracting the CPU-time for simulating the deck without

tank model from the CPU-time for simulating the deck including the tank model. Several

observations can be made.

Heat Source Flow Rate

Tank Model 1) 25 kg/h 200 kg/h

Simulation Time Step Simulation Time Step

1h 0.1lh 1Ih 0.1h

PF Fl 3.01 s 40.72 s 2.21 s 25.81 s

PF VI 5.05s 71.5s 2.32s 26.53s

PF PE 2.95 s 42.06 s 3.48 s 28.48 s

FULLY MIXED 3.7 s 37.77 s 3.56s 38.83 s

MN FI3 6.37s 64.53s 6.35 s 63.77s

MN VI 3 6.45s 64.18s 6.05s 66.63s

MN PE 3 7.05s 71.48s 14.09s 71.03 s

MNFI 15 17.2 s 177.27 s 17.5 s 181.23 s

MNVI 15 19.16s 179.97s 18.15 s 180.07s

MNPE 15 21.47 s 174.74 s 51.57 s 191.81 s

Table 5.2 CPU-Seconds for the different Tank Models on a VAXstation 3100 Model 38

The plug flow models are faster for the higher heat source flow rate (200 kg/h) than for

the lower heat source flow rate (25 kg/h) since the number of segments employed when the

heat source flow rate is high is smaller than the number of segments used when the heat

1) PF - Plug Flow Model, MN - Multi Node Model, PE - Plume Entrainment Model,
FI - Fixed Inlets, VI - Variable Inlets, N - Number of Nodes
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source flow rate is low. The CPU-times for the multi-node models depend strongly on the

number of nodes specified (increase of the CPU-time by a factor of five if the number of

nodes is increased from one to fifteen for the multi-node model with fixed inlets), but not

on the value of the heat source flow rate. The plug flow models are faster than the multi-

node models. Comparable values of CPU-time for the plug flow models and the fully

mixed tank model (multi-node model with one node) are obtained for the lower heat source

flow rate. For the lower heat source flow rate the plug flow model with variable inlets uses

significantly more CPU-time than the other plug flow models (increase by a factor of 1.7)

due to a large number of segments involved in the algorithms for finding the heat source

flow inlet position. Including plume entrainment significantly increases the CPU-time (two

to three times) for the large simulation time step and the high heat source flow rate (cf. Eqn

(2.3.36)) for the multi-node models. The small increase in CPU-time for the plug flow

model including plume entrainment for a high heat source flow rate and a large simulation

time step is due to the fact that the number of segments employed is very low (mostly one).
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Chapter 6

Recommendations

Several one-dimensional models for stratified thermal storage tanks (all available in

TRNSYS) have been investigated and compared to experimental data for a wide range of

conditions. The goal of this project was to give some recommendations as to which tank

model should be used under which conditions. Experimental errors outside the specified

accuracy of the measurements or the absence of error estimates introduce some

uncertainties in the conclusions.

It has been seen that the assumption of a uniform tank temperature (instantaneous

mixing) leads to a considerable underprediction of the energy input into the tank and the

delivered energy under all conditions considered. Thus, the fully mixed tank model is

never appropriate to be used as a thermal storage tank model when stratification affects are

important for the overall system performance.

Relationships between the number of nodes to be used for the multi-node models with

fixed and variable inlet positions and the mean number of tank turnovers have been

developed. These relationships are useful as a guideline for choosing the most appropriate

number of nodes for given operating conditions. It is recommended to use the multi-node

model with variable inlets since this model results in less nodes to be used than the multi-

node model with fixed inlets and is therefore computationally more efficient. The use of

the multi-node model with plume entrainment is not recommended because it has been

shown that including plume entrainment does not improve the model predictions and results

in less computational efficiency.
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The plug flow models have been seen to be computationally more efficient than the

multi-node models. Since the plug flow models with fixed and variable inlets tend to

overpredict the energy quantities it is recommended to use the plug flow model including

plume entrainment as an alternative for the multi-node with variable inlets for a mean

number of tank turnovers less than five. The reader is reminded that the results obtained

with the plug flow models depend on the simulation time step chosen as discussed in

section 2.4.4, which introduces some uncertainty.

Future work could provide insight in how the use of inlet diffusers in the experiments

influences the recommendations obtained with data which were obtained without the use of

specific inlet manifolds.

Since drawing the load at the end of the day gave results which did not quite fit into the

pattern observed for the tests where the load draws were done (mainly) throughout the day

it is of interest if this observation can be confirmed. Therefore performing more

experiments in which the load draw is done at the end of the day and applying the

performance study for the different tank models as described in chapter 4 is recommended.
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Appendix A

Derivation of the Energy Equations
for the Stream and the Tank

in At:

x+Ax

Stream Energy Balance:

0 = - Qs 'x+Ax + Qs Ix + Qentr

Tank Energy Balance:

AU = - Qr 'x+Ax + QT Ix - Qentr - Qcond lx+Ax + Qcond Ix - Qenv

QSlx Qr x QondIx

S I I

Stream-- Q Tank

QsIx+A Qr x+Ax Qcondlx+Ax

a'Qenv
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with

AU = pf A Ax (TIt+At-TIt)

Qs Ix+Ax = (xhsTs) Ix+Ax Cf At

Qs Ix = (isTs)Ix Cf At

Qentr = (Ihs Ix+Ax-i1s Ix) TT x+Ax Cf At =- (xir Ix+Ax-riT Ix) TT x+Ax Cf At

Qr x+x = (dhTTT) Ix+Ax Cf At

Qr lx = (rhrTT)x Cf At

TT Ix + Ax - TT Ix + 3Ax

Qcond lx+x = kf A 2 2 AtAx

TT AIx -Ax- TT Ix +Ax

Qcond Ix = kf A 2 2 AtAx

Qenv = UL PL Ax (TT x+AX-Tenv) At

Substituting the above terms in the energy balances for the stream and the tank, dividing

both equations by At and Ax and then allowing At -40 and Ax -4-0 leads to Eqns (2.3.1)

and (2.3.2)
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Appendix B

Determination of the UA-value
by a cool-down test

The UA-value for a hot liquid storage tank is determined by measuring the rate of tank

temperature decay over time for an initially heated up tank. The tank is assumed to be at

uniform temperature during the entire cool-down test (actually this approximation will not

quite be the case since the heat losses are higher at the top, the bottom and near the side

walls of the tank and convective flows will be induced). The value of the tank temperature

is obtained by taking the average value of the thermocouple tree temperatures inside the

tank. The decay can be characterized by the following equations which result from an

energy balance for the tank.

For Tenv = const

- - UA (TT-Tenv) = MT Cf d TT =MTCfd (TT-Tenv)
dt dt dt

With TT-Tenv = AT, we obtain

- UA ATc = MT Cf dATdt

dATc JUAdt
AT- MT Cf

which upon integration gives
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In (ATc) = - UA t + constant
MTCf

The quantity AT, is measured as a function of time. Then In (ATc) is plotted versus time

which results in a straight line. The slope of In (AT,) vs time is equal to (-UA/(MT Cf)).

The quantity (MT Cf) may also be increased by the appropriate amount (e.g. 1 %) to take

into account the mass of the material of the storage tank.
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Appendix C

Example TRNSYS Deck

* DECK SET UP TO FORCE INPUTS FOR LOW FLOW TEST #6

* LOAD PROFILE 3 (300 LITERS)

* AND HEAT SOURCE FLOW RATE OF "84" KG/H

EQUATIONS 3

* number of simulation days

DAYS=10.

* number of simulation hours

HOURS=DAYS*24.

* simulation time step

STEP=.05

SIMULATION

TOLERANCES

LIMITS 50 4 51

UNIT 14 TYPE 14

PARAMETERS 228

O.OOOE+00 O.OOOE+00

7.270E+00 9.018E+01

7.600E+00 8.838E+01

7.940E+00 8.874E+01

8.280E+00 8.982E+01

8.620E+00 9.018E+01

0.OOOE+00 2AOOE+02 5.OOOE-02

1.000E-03 1.OOOE-03

HEAT SOURCE MASS FLOW RATE FORCING FUNCTION

7.020E+00 0.OOOE+00 7.100E+00 8.994E+01 7.180E+00 9.078E+01

7.350E+00 8.892E+01 7.440E+00 8.928E+01 7.520E+00 8.910E+01

7.690E+00 8.970E+01 7.770E+00 8.898E+01 7.850E+00 8.832E+01

8.020E+00 8.904E+01 8.11OE+00 8.898E+01 8.200E+00 8.814E+01

8.370E+00 9.006E+01 8.450E+00 9.078E+01 8.530E+00 9.024E+01

8.700E+00 8.964E+01 8.790E+00 8.982E+01 8.870E+00 9.084E+01

*

*

*



8.950E+00 9.018E+01 9.040E+00 9.084E+01

9.370E+00 9.018E+01 9.450E+00 8.988E+01

9.700E+00 8.994E+01 9.790E+00 8.970E+01

1.004E+01 8.298E+01 1.025E+01 8.280E+01

1.050E+01 8.202E+01 1.059E+01 8.220E+01

1.084E+01 8.250E+01 1.092E+01 8.262E+01

1.120E+O1 8.388E+01 1.128E+01 8.178E+01

1.154E+01 8.238E+01 1.162E+01 8.244E+01

1.187E+01 8.238E+O1 1.196E+01 8.250E+01

1.224E+01 8.208E+01 1.233E+01 8.190E+01

1.258E+01 8.196E+01 1.266E+01 8.244E+01

1.292E+01 8.316E+01 1.300E+O1 8.244E+01

1.325E+01 8.142E+01 1.334E+01 8.166E+01

1.359E+01 8.148E+01 1.367E+01 8.190E+01

1.392E+01 8.004E+01 1.401E+01 8.088E+01

1.426E+01 7.992E+01 1.434E+01 7.992E+01

1.459E+01 7.926E+01 1.468E+01 7.956E+01

1.493E+01 7.956E+01 1.501E+01 7.962E+01

1.527E+01 7.926E+01 1.535E+01 7.926E+01

1.560E+01 7.926E+01 1.569E+01 7.920E+01

1.594E+01 7.926E+01 1.602E+01 7.926E+01

1.627E+01 7.956E+01 1.636E+01 7.902E+01

1.663E+01 O.OOOE+00 2.400E+01 O.OOOE+O0

9.200E+00

9.540E+00

9.870E+00

1.034E+01

1.067E+01

1.101E+01

1.137E+01

1.170E+01

1.204E+01

1.241E+01

1.275E+01

1.308E+01

1.342E+01

1.376E+01

1.409E+01

1.443E+01

1.476E+01

1.510E+01

1.543E+01

1.577E+01

1.61 1E+01

1.644E+01

8.976E+01

8.994E+01

8.406E+01

8.160E+01

8.262E+01

8.286E+01

8.214E+01

8.202E+01

8.298E+01

8.178E+01

8.298E+01

8.238E+01

8.190E+01

8.040E+01

8.070E+01

8.016E+01

7.974E+01

7.938E+01

7.896E+01

7.938E+01

7.962E+01

7.908E+01

9.280E+00

9.620E+00

9.960E+00

1.042E+01

1.076E+01

1.109E+01

1.145E+01

1.179E+01

1.216E+01

1.250E+01

1.283E+01

1.317E+01

1.350E+01

1.384E+01

1.417E+01

1.451E+01

1.485E+01

1.518E+01

1.552E+O1

1.585E+01

1.619E+01

1.653E+01

8.988E+01

9.090E+01

8.262E+01

8.214E+01

8.268E+01

8.304E+01

8.208E+01

8.238E+01

8.232E+01

8.220E+01

8.268E+01

8.202E+01

8.124E+01

8.070E+01

8.010E+01

7.974E+01

7.986E+01

7.938E+01

7.944E+01

7.920E+01

7.494E+01

6.606E+01

UNIT 15 TYPE 14 HEAT SIDE INPUT TEMPERATURES FORCING FUNCTION

PARAMETERS 232

O.OOOE+00 0.000E+00 7.020E+00 O.OOOE+O0 7.020E+00 2.061E+01 7.100E+00 1.98

7.180E-O0 1.794E+O1 7.270E+O0 1.749E+01 7.350E+00 1.784E+01 7.440E+00 1.81

7.520E+00 1.864E+01 7.600E+00 1.884E+01 7.690E+00 1.912E+01 7.770E+00 1.95

7.850E+O0 1.977E+01 7.940E+00 1.996E+01 8.020E+00 2.051E+01 8.110E+00 2.14

8.200E+00 2.261E+01 8.280E+00 2.115E+01 8.370E+00 2.225E+01 8.450E+00 2.27

8.530E+00 2.310E+01 8.620E+00 2.373E+01 8.700E+00 2.449E+01 8.790E+00 2.53

8.870E+O0 2.612E+01 8.950E+00 2.681E+01 9.040E+00 2.719E+01 9.200E+OO 2.74

9.280E+00 2.442E+01 9.370E+00 2.508E+01 9.450E+00 2.551E+01 9.540E+00 2.58

9.620E+00 2.650E+01 9.700E+00 2.722E+01 9.790E+00 2.800E+01 9.870E+00 2.92

9.960E+00 3.002E+01 1.004E+01 3.082E+01 1.025E+O1 3.114E+01 1.034E+01 2.80

30E+01

19E+01

54E+01

*OE+01

75E+01

4E+01

4E+01

35E+01

Z9E+01

O)E+01
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1.042E+01

1.076E+01

1.109E+01

1.145E+01

1.179E+01

1.216E+01

1.250E+01

1.283E+01

1.317E+01

1.350E+01

1.384E+01

1.417E+01

1.451E+01

1.485E+01

1.518E+01

1.552E+01

1.585E+01

1.619E+01

1.653E+01

2.759E+01

2.853E+01

3.206E+01

3.049E+01

3.372E+01

3.645E+01

3.536E+01

3.778E+01

3.907E+01

3.793E+01

4.052E+01

4.137E+01

4.180E+01

4.230E+01

4.183E+01

4.156E+01

4.174E+01

4.193E+01

3.183E+01

1.050E+01

1.084E+01

1.120E+O1

1.154E+01

1.187E+01

1.224E+01

1.258E+01

1.292E+01

1.325E+01

1.359E+01

1.392E+01

1.426E+01

1.459E+01

1.493E+01

1.527E+01

1.560E+01

1.594E+01

1.627E+01

1.663E+01

2.797E+01

2.882E+01

3.299E+01

3.079E+01

3.480E+01

3.441E+01

3.653E+01

3.818E+01

3.589E+01

3.864E+01

4.084E+01

4.143E+01

4.218E+01

4.235E+01

4.177E+01

4.146E+01

4.165E+01

3.061E+01

3.143E+01

1.059E+01

1.092E+01

1.128E+01

1.162E+01

1.196E+01

1.233E+01

1.266E+01

1300E+01

1.334E+01

1.367E+01

1.401E+01

1.434E+01

1.468E+01

1.501E+01

1.535E+01

1.569E+01

1.602E+01

1.636E+O1

1.663E+01

2.817E+01

2.946E+01

3.025E+01

3.132E+01

3.548E+01

3.346E+01

3.733E+01

3.849E+01

3.616E+01

3.929E+01

4.098E+01

4.127E+01

4.222E+01

4.209E+01

4.144E+01

4.150E+01

4.174E+01

2.819E+01

O.OOOE+O0

UNIT 16 TYPE 14 LOAD MASS FLOW FORCING FUNCTION

PARAMETERS 148

O.OOOE+00 O.OOOE+00 7.OOOE+00

7.050E+00 O.OOOE+00 8.OOOE+O0

8.050E+00 1.OOOE+02 8.100E+O0

9.OOOE+00 4.OOOE+02 9.050E+00

9.100E+00 O.OOOE+00 1.OOOE+01

1.010E+O1 1.OOOE+02 1.015E+01

1.100E+O1 4.OOOE+02 1.105E+O1

1.110E+O1 O.OOOE+O0 1.200E+O1

1.205E+01 O.OOOE+O0 1.300E+O1

1.305E+01 O.OOOE+00 1.600E+O1

1.605E+01 O.OOOE+00 1.700E+O1

1.705E+01 1.OOOE+02 1.710E+01

1.800E+01 4.OOOE+02 1.810E+01

1.815E+01 O.OOOE+00 1.900E+01

O.OOOE+00 7.OOOE+00

O.OOOE+00 8.OOOE+00

1.OOOE+02 8.100E+00

4.OOOE+02 9.050E+00

O.OOOE+00 1.OOOE+01

1.OOOE+02 1.015E+O1

4.OOOE+02 1.105E+01

O.OOOE+O0 1.200E+O1

O.OOOE+0 1.300E+O1

O.OOOE+00 1.600E+01

O.OOOE+00 .700E+Ol

1.OOOE+02 1.710E+01

4.OOOE+02 1.810E+01

O.OOOE+O0 1.900E+01
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1.067E+01

1.101E+01

1.137E+01

1.170E+O1

1.204E+01

1.241E+01

1.275E+01

1.308E+01

1.342E+01

1.376E+01

1.409E+01

1.443E+01

1.476E+01

1.510E+01

1.543E+01

1.577E+01

1.61 1E+01

1.644E+01

2.400E+01

2.834E+01

3.066E+01

2.998E+01

3.237E+01

3.597E+01

3.439E+01

3.757E+01

3.880E+01

3.732E+01

3.991E+01

4.124E+01

4.139E+01

4.219E+01

4.188E+01

4.146E+01

4.172E+01

4.166E+01

2.975E+01

O.OOOE+O0

2.OOOE+02

4.OOOE+02

O.OOOE+00

1.OOOE+02

4.OOOE+02

O.OOOE+O0

1.OOOE+02

2.OOOE+02

1.OOOE+02

3.OOOE+02

4.OOOE+02

O.OOOE+00

1.OOOE+02

4.OOOE+02

7.050E+00

8.050E+00

9.OOOE+O0

9.100E+OO

1.010E+O1

1.100E+O1

1.110E+O1

1.205E+01

1.305E+01

1.605E+01

1.705E+01

1.800E+01

1.815E+01

1.905E+01

2.OOOE+02

4.OOOE+02

O.OOOE+00

1.OOOE+02

4.OOOE+02

O.OOOE+O0

1.OOOE+02

2.OOOE+02

1.OOOE+02

3.OOOE+02

4.OOOE+02

O.OOOE+00

1.OOOE+02

4.OOOE+02



1.905E+01 1.OOOE+02 1.910E+O1

2.OOOE+O1 4.OOOE+02 2.005E+01

2.010E+01 O.OOOE+00 2.100E+01

2.105E+01 O.OOOE+00 2.200E+01

2.205E+01 O.OOOE+O0 2.400E+01

1.OOOE+02 1.910E+01

4.OOOE+02 2.005E+01

O.OOOE+00 2.100E+01

O.OOOE+0 2.200E+01

O.OOOE+00

O.OOOE+O0 2.OOOE+01

2.OOOE+02 2.010E+O1

2.OOOE+02 2.105E+01

1.OOOE+02 2.205E+01

UNIT 17 TYPE 14 MAINS WATER TEMPERATURE FORCING FUNCTION

PARAMETERS 116

O.OOOE+0 O.OOOE+0 7.OOOE+O0

7.150E+00 O.OOOE+00 8.OOOE+00

8.150E+00 O.OOOE+00 9.OOOE+00

9.150E+00 O.OOOE+00 1.000E+O1

1.015E+01 0.OOOE+00 1.100E+01

1.115E+01 O.OOOE+00 1.200E+01

1.215E+01 O.OOOE+00 1.300E+O1

1.315E+01 O.OOOE+O0 1.600E+01

1.615E+01 O.OOOE+00 1.700E+O1

1.715E+01 O.OOOE+00 1.800E+O1

1.815E+01 O.OOOE+00 1.900E+O1

1.915E+01 0.OOOE+00 2.OOOE+01

2.015E+01 O.OOOE+00 2.100E+O1

2.115E+01 O.OOOE+00 2.200E+01

2.215E+01 O.OOOE+00 2.400E+01

O.OOOE+00 7.OOOE+00

O.OOOE+00 8.OOOE+00

O.OOOE+00 9.000E+00

0.000E+O 1.000E+01

0.OOOE+00 1.100E+01

0.OOOE+00 1.200E+O1

0.OOOE+00 1.300E+01

O.OOOE+0O 1.600E+01

0.OOOE+O 1.700E+O1

O.OOOE+00 1.800E+01

O.OOOE+00 1.900E+01

O.OOOE+00 2.OOOE+01

O.OOOE+00 2.100E+01

0.OOOE+00 2.200E+01

O.OOOE+00

UNIT 18 TYPE 14 ENVIRONMENTAL TEMPERATURE FORCING FUNCTION

PARAMETERS 500

0.OOOE+00 1.924E+01 6.OOOE-02 1.924E+01 1.5OOE-01 1.941E+01 2.500E-01 1.949E+01

3.400E-01 1.921E+01 4.300E-01 1.951E+01 5.300E-01 1.986E+01 6.200E-01 2.014E+01

7.200E-01 2.040E+01 8.100E-O1 2.061E+01 9.OOOE-01 2.076E+01 1.000E+oo 2.029E+01

1.090E+00 1.982E+01 1.190E+00 1.944E+01 1.280E+00 1.964E+01 1.370E+00 1.993E+01

1.470E+00 1.977E--O1 1.560E+00 1.939E+01 1.660E+00 1.915E+01 1.750E+00 1.929E+01

1.840E+00 1.963E+01 1.940E+00 1.984E+01 2.030E+00 1.946E+01 2.130E+00 1.942E+01

2.220E+00 1.973E+01 2.310E+00 1.949E+01 2A1OE+00 1.918E+01 2.500E+00 1.912E+01

2.600E+00 1.943E+01 2.690E+00 1.976E+01 2.780E+00 2.005E+01 2.880E+00 2.030E+01

2.970E-tO0 2.055E+01 3.070E+00 2.071E+01 3.160E+00 2.083E+01 3.250E+00 2.070E+01

3.350E+00 2.002E+01 3.440E+00 1.955E+01 3.540E+00 1.961E+01 3.630E+00 1.988E+01
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O.OOOE+00

2.OOOE+02

2.OOOE+02

l.OOOE+02

1.473E+01

1.470E+01

1.462E+01

1.460E+01

1.469E+01

1.569E+01

1.761E+01

1.635E+01

1A90E+01

1.457E+01

1.474E+01

1.449E+01

1.502E+01

1.515E+01

7.150E+00

8.150E+00

9.150E+00

1.015E+01

1.115E+01

1.215E+01

1.315E+01

1.615E+01

1.715E+01

1.815E+01

1.915E+01

2.015E+01

2.115E+01

2.215E+01

1.473E+01

1.474E+01

1.462E+01

1.460E+01

1.469E+01

1.569E+01

1.761E+01

1.635E+01

1.490E+01

1.457E+01

1.474E+01

1.449E+01

1.502E+01

1.515E+01



3.720E+00

4.100E+00

4.480E+00

4.850E+00

5.230E+00

5.610E+00

5.980E+00

6.360E+00

6.730E+00

7.100E+00

7.440E+00

7.770E+00

8.110E+00

8.450E+00

8.790E+00

9.200E+00

9.540E+00

9.870E+00

1.034E+01

1.067E+01

1.101E+01

1.137E+01

1.170E+01

1.204E+01

1.241E+01

1.275E+01

1.308E+01

1.342E+01

1.376E+01

1.409E+01

1A43E+t-01

1.476E+i01

1.510E+O-1

1.543E+01

1.577E+01

1.61 1E+01

1.966E+01

1.967E+01

2.061E+01

1.935E+01

1.936E+01

1.973E+01

2.035E+01

1.952E+01

1.944E+01

1.983E+01

1.967E+01

1.952E+01

2.001E+01

1.939E+01

2.024E+01

1.910E+01

2.022E+01

1.917E+01

2.034E+01

1.924E+01

2.020E+01

1.919E+01

2.015E+01

1.949E+01

2.019E+01

1.992E+01

1.998E+01

1.941E+01

2.028E+01

2.082E+01

1.980E+01

1.940E+01

2.015E+01

2.084Ee01

2.121E+01

2.146E+01

3.820E+00

4.190E+00

4.570E+00

4.950E+00

5.320E+00

5.700E+00

6.080E+00

6.450E+00

6.830E+00

7.180E+00

7.520E+00

7.850E+00

8.200E+00

8.530E+00

8.870E+00

9.280E+00

9.620E+00

9.960E+00

1.042E+01

1.076E+01

1.109E+01

1.145E+01

1.179E+01

1.216E+01

1.250E+01

1.283E+01

1.317E+01

1.350E+01

1.384E+01

1.417E+01

1.451E+01

1.485E+01

1.518E+01

1.552E+01

1.585E+01

1.619E+01

1.929E+01

1.993E+01

2.028E+01

1.965E+01

1.898E+01

2.005E+01

1.975E+01

1.979E+01

1.899E+01

2.01 1E+01

1.922E+01

1.982E+01

1.935E+01

1.964E+01

2.006E+01

1.959E+01

1.994E+01

1.940E+01

2.023E+01

1.952E+01

2.023E+01

1.947E+01

2.032E+01

1.945E+01

2.037E+01

1.954E+01

1.974E+01

1.964E+01

2.046E+01

2.078E+01

2.001E+01

1.950E+01

2.031E+01

2.097E+01

2.129E+01

2.149E+01

3.910E+00

4.290E+00

4.660E+00

5.040E+00

5.420E+00

5.790E+00

6.170E+00

6.550E+00

6.920E+00

7.270E+00

7.600E+00

7.940E+00

8.280E+00

8.620E+00

8.950E+00

9.370E+00

9.700E+00

1.004E+01

1.050E+01

1.084E+01

1.120E+01

1.154E+01

1.187E+01

1.224E+01

1.258E+01

1.292E+01

1.325E+01

1.359E+01

1.392E+01

1.426E+01

1.459E+01

1.493E+01

1.527E+t01

1.560E+01

1.594E+01

1.627E+01

1.902E+01

2.020E+01

1.966E+01

1.997E+01

1.91 1E+01

2.027E+01

1.924E+01

2.007E+01

1.928E+01

2.027E+01

1.901E+01

2.002E+01

1.902E+01

1.987E+01

1.951E+01

1.979E+01

1.943E+01

1.964E+01

1.966E+01

1.970E+01

1.988E+01

1.973E+01

2.035E+01

1.975E+01

2.053E+01

1.958E+01

1.936E+01

1.987E+01

2.061E+01

2.032E+01

2.003E+01

1.975E+01

2.051E+01

2.104E+01

2.138E+i01

2.155E+e01

4.010E+00

4.380E+00

4.760E+00

5.140E+00

5.510E+00

5.890E+00

6.260E+00

6.640E+00

7.020E+00

7.350E+00

7.690E+00

8.020E+00

8.370E+00

8.700E+00

9.040E+00

9.450E+00

9.790E+00

1.025E+01

1.059E+01

1.092E+01

1.128E+01

1.162E+01

1.196E+01

1.233E+01

1.266E+01

1.300E+01

1.334E+01

1.367E+01

1.401E+01

1.434E+01

1.468E+01

1.501E+t01

1.535E+01

1.569E+01

1.602Ei01

1.636E+01

1.931E+01

2.043E+01

1.919E+01

1.979E+01

1.942E+01

2.045E+01

1.923E+01

1.992E+01

1.953E+01

2.021E+01

1.927E+01

2.023E+01

1.914E+01

2.007E+01

1.910E+01

2.001E+01

1.906E+01

1.983E+01

1.923E+01

1.997E+01

1.915E+01

1.996E+01

1.994E+01

1.998E+01

2.045E+01

1.979E+01

1.916E+01

2.011E+O1

2.073E+01

1.988E+01

1.971E+01

1.996E+01

2.067E+01

2.1 13E+01

2.141E+01

2.162E+i01
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1.644E+01 2.164E+01 1.653E+01 2.164E+01 1.663E+01 2.173E+01 1.672E+01 2.167E+01

1.682E+01 2.108E+01 1.691E+01 2.056E+01 1.701E+01 2.032E+01 1.710E+01 2.005E+01

1.722E+01 1.973E+01 1.731E+01 1.959E+01 1.741E+01 1.985E+O1 1.750E+01 1.977E+01

1.759E+01 1.952E+01 1.769E+01 1.940E+01 1.778E+01 1.927E+01 1.787E+01 1.920E+01

1.797E+01 1.923E+01 1.806E+01 1.950E+01 1.828E+01 1.964E+01 1.837E+01 1.930E+01

1.846E+01 1.910E+01 1.856E+01 1.937E+01 1.865E+01 1.965E+01 1.875E+01 1.987E+01

1.884E+01 2.008E+01 1.893E+01 2.027E+01 1.903E+01 2.048E+01 1.912E+01 2.040E+01

1.923E+01 1.938E+01 1.932E+01 1.938E+01 1.942E+01 1.960E+01 1.951E+01 1.978E+01

1.960E+01 2.OOOE+01 1.970E+01 2.021E+01 1.998E+01 1.923E+01 2.007E+01 1.943E+01

2.025E+01 1.970E+01 2.034E+01 2.014E+01 2.053E+01 2.060E+01 2.063E+01 2.078E+01

2.081E+01 2.099E+01 2.091E+01 2.104E+01 2.110E+01 2.117E+01 2.120E+01 2.123E+01

2.130E+01 2.086E+01 2.139E+01 2.025E+01 2.158E+01 1.963E+01 2.167E+01 1.988E+01

2.177E+01 2.008E+01 2.186E+01 2.003E+01 2.205E+01 1.932E+01 2.223E+01 1.978E+01

2.233E+01 1.962E+01 2.242E+1 l1.942E+01 2.251E+01 1.964E+01 2.261E+01 1.981E+01

2.270E+01 1.943E+01 2.280E+01 1.913E+01 2.289E+01 1.930E+01 2.308E+01 1.978E+01

2.327E+01 2.026E+01 2.346E+01 2.050E+01 2.355E+01 1.999E+01 2.374E+01 1.939E+01

2.383E+01 1.961E+01 2..00E+01 1.961E+01

UNIT 38 TYPE 38 PLUG FLOW TANK MODEL

PARAMETERS 12

1.000E+00 1.800E-01 9.200E-01 9.200E-01 4.190E+00 1.000E+03 O.OOOE+O0

1.000E+00 1.645E+01 1.000E+00 1.500E+01 1.270E-02

INPUTS 5

15,1 14,1 17,1 16,1 18,1

O.OOOE+0O O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00

UNIT 24 TYPE 24 INTEGRATOR ENERGIES AND FLOWS

PARAMETERS 1

2.400E+01

INPUTS 5
38,9 38,6 38,5 38,2 38,4

0.OOOE+O0 0.OOOE+00 O.OOOE+OO O.OOOE+OO O.OO0E+O0

UNIT 25 TYPE 25 PRINTER TEMPERATURES AND HEAT SOURCE FLOW RATE

PARAMETERS 4

5.OOOE-02 2.23 1E+02 2.326E+02 1.000E+01
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INPUTS 3

38,1 15,1 14,1

TRET THEAT MHEAT

UNIT 26 TYPE 25 PRINTER INTEGRATED ENERGIES AND FLOWS

PARAMETERS 4

2.400E+01 O.OOOE+00 2.400E+02 1.100E+01

INPUTS 5

24,1 24,2 24,3 24,4 24,5

QIN QDEL QENV HEATFL LOADFL

END
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