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FORMULATING THE MODEL{ TC  "FORMULATING
THE MODEL" \l 1 }

This chapter describes the “special features” of the tank model:  all of the special

situations that needed to be considered before the computer code could be written.  Some

components or parameters may or may not be used in a given situation, but such options

provide great flexibility for the TRNSYS program.  The following sections provide a brief

description of each feature.

2.1 Old Tank Model Features{ TC  "2.1 Old Tank Model Features" \l 1 }

TRNSYS currently has a storage tank component, referred to as the Type 4 tank, that

is a very simplified model.  The latest version of TRNSYS (version 14) included some

modifications to the tank model.  Section 2.1 describes the changes that were implemented into

the TRNSYS tank model between versions 13 and 14.

2.1.1 User-Specified Node Heights and Node Losses{ TC  "2.1.1 User-

Specified Node Heights and Node Losses" \l 1 }

The simplest situation in a tank would be to divide it into an equal number of segments.

This method is quick and easy but, subsequently, not as accurate as specifying each node height



individually.  (See chapter 6 for an example).  Losses from the tank to the environment are not

always uniform and occur from both the sides and the top.  Natural convection heat transfer

from a vertical surface is generally greater than from a horizontal surface. A copper pipe

attached to the tank allows heat to be conducted to the environment more rapidly than if it were

not there.  To better account for the variation in losses on the surface, the model allows the user

to change the node's height and loss coefficient manually.  Figure 2.1.1 shows a situation where

manually-entered node heights and losses would be useful.
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Figure 2.1.1  Tank utilizing user-specified node heights and additional tank losses{ TC  "Figure

2.1.1  Tank utilizing user-specified node heights and additional tank losses" \l 1 }

Since a tank might lose less heat (per unit area) through the top and more heat through the

attached pipe, the user can modify the tank as shown in Figure 2.1.1.  By specifying an

additional loss coefficient (∆U ) for node 1 as less than zero, the loss per unit area for that node

would be less than the loss per unit area for the rest of the tank.  Similarly, ∆U  for node 3 can

be entered as greater than zero, thereby adding a loss coefficient to that region to account for

the extra losses that would occur through the pipe.



2.1.2 Auxiliary Heaters{ TC  "2.1.2 Auxiliary Heaters" \l 1 }

For the model to be able to simulate a conventional household water heater, the tank

must have two auxiliary heaters which are controlled (if desired) in a master-slave relationship.

An option for gas auxiliary heat must also be available.  It is assumed that a tank will not have

both two electric heaters and a gas heater.  If a tank is heated with gas, one of the auxiliary

heaters is designated as a gas heater.

Most household electrically-heated tanks employ a master-slave relationship between

the two heaters.  The upper element (heater) is on if the temperature (at the location of the

thermostat) has dropped below the set point less some deadband.  If the upper element is on,

the lower element is locked off.  Once the top element temperature is satisfied, the lower

element may then come on if needed.  If a master-slave situation is not used, then both heaters

go on and off as needed. (Which may include being on at the same time).  Master-slave mode is

used in most conventional hot water tanks to prevent an excessive draw of electric current.

A gas-heated tank is also possible.  The model simplifies this situation by assuming that

the heat is transferred to the tank at a constant rate.  The rate of heat input is entered as a

constant value for both electric and gas heaters.  The two types of heaters must be distinguished

from each other.  A gas-heated tank will always have a flue, but the model makes it possible for

an electrically-heated tank to also have a flue.  (Perhaps an old gas heated tank was retrofitted

and now uses electric elements).  The difference between the two is that when the gas heater is

on, no energy is lost to the environment via the flue.  Regardless of whether an electric heater is

on or off, energy is being constantly lost to the environment through the flue.  The model must

know if the heater is gas or electric so it can allow (or prevent) losses through the flue.

For a typical flue as shown in Figure 2.1.2, the flue loss coefficient (UAflue ) may be

computed using equation 2.1.1 [17].
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Figure 2.1.2  Flue in a water tank{ TC  "Figure 2.1.2  Flue in a water tank" \l 1 }
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A typical value for hi , flue  is about10 W m2 K and ho, flue  is about 300 W m2 K .

2.2 Additional Features{ TC  "2.2 Additional Features" \l 1 }

In addition to the features described in the previous section, other options are included

in the tank model.  The features described in this section are part of the new  tank model that

will be incorporated into version 15 of TRNSYS.

2.2.1 Inlet and Outlet Flows{ TC  "2.2.1 Inlet and Outlet Flows" \l 1 }

Not all tanks will have exactly two inlet pipes and two outlet pipes.  In a two-tank solar

system, one of the tanks would have just two pipes attached to it.  It would also be possible to

have a tank with three pipes attached to it.  Whatever the user's situation, the model is versatile

enough to handle up to two inlet and two outlet flows.  Figure 2.2.1 shows a three-pipe tank.

The user is required to specify N-1 flow rates for N flows, and the model will solve for the

unknown flow rate using an overall mass balance on the tank.
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Figure 2.2.1  Model solves for unknown flow rate{ TC  "Figure 2.2.1  Model solves for

unknown flow rate" \l 1 }

By not restricting flows to occur in pairs of pipes (i.e. load loop and collector loop), the model

also allows the user to properly model two-tank systems.  A two-tank system with the old

model required the user to make the second tank have a zero flow rate collector loop.  Such a

system would look like the one shown in Figure 2.2.2a.
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Figure 2.2.2a  Two-tank system with old model{ TC  "Figure 2.2.2a  Two-tank system with old

model" \l 1 }
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Figure 2.2.2b  Two-tank system with new model{ TC  "Figure 2.2.2b  Two-tank system with

new model" \l 1 }

Since the load loop in figure 2.2.2a is restricted to entering the bottom and leaving the top, the

second tank must be assumed to be fully mixed.  As can be seen in Figure 2.2.2b, by allowing

the inlets and outlets to be placed at the user's discretion, a two-tank system can be properly

modeled.

To reduce the amount of fluid mixing that occurs when the inlet fluid is not at the same

temperature as the node it is entering, several physical methods are used to place the incoming



fluid in the node closest to it in temperature, thereby minimizing inlet mixing.  Hollands [16]

describes some devices that could be used for tank inlets:

"Firstly, a light flexible hose can be connected to the tank inlet.  Due to

buoyancy forces, the outlet of the hose should automatically float to the correct

depth, without entraining fluid as the plume does.  However, problems can arise

if bubbles attach to the hose.  Secondly, a vertical porous manifold can be

connected to the inlet port.  By proper design of the hydraulic resistance inside

the manifold, the water can be made to travel directly to the correct level within

the manifold and then out the porous walls."

The tank model includes a mode to permit the modeling of such inlet devices.  In this

particular mode, the node into which the inlet fluid flows will be the node that is closest to its

temperature.

If a maximum-stratification device is not used on the inlets, the flow will enter at the

location specified by the user.  Depending on the temperature difference between the inlet fluid

and the tank and the velocity of the entering fluid, some degree of mixing will occur.  To

accurately calculate the amount of mixing that occurs at an inlet, the user would be required to

have information on the inlet such as:  the type of inlet nozzle used, inlet diameter and direction,

and temperature of the inlet fluid and tank.  There is a large range of possibilities and these are

not included in this model.  To account for inlet mixing, it is suggested to use variable node

heights discussed in section 2.1.1.  Figure 2.2.3 shows how varying the node heights can

incorporate inlet mixing into the model.



Figure 2.2.3  Using user-specified node heights to account for inlet mixing{ TC  "Figure 2.2.3

Using user-specified node heights to account for inlet mixing" \l 1 }

If, for example, the incoming fluid is warmer than the node it enters, the mixing algorithm

(explained in section 2.2.4) will mix the fluid with the nodes above it.  However, the nodes

below the inlet do not get mixed.  Therefore, if the incoming fluid creates the plume as shown in

figure 2.2.3, the only way the layer below the inlet can get mixed is by specifying a larger node

height.  To determine the height of the node where fluid is entering, the reader is referred to the

literature. ([13], [20])  Although this method of dealing with plume entrainment is rather crude, it

coincides with the goal of allowing simulations that are not overly time-consuming.  If the user is

interested in an extremely accurate solution, a 2-D or 3-D computational fluid dynamics model

should be used.

2.2.2 Additional Conductivity Parameter{ TC  "2.2.2 Additional Conductivity

Parameter" \l 1 }

It is a fact that a stratified tank will not remain stratified forever.  Conduction through the

fluid in the tank will cause the nodes to come into thermal equilibrium.  However, based on



experiments (see [14], [19], [33]) it is found that stratification decays more rapidly than at a rate

calculated theoretically using the conductivity of water.  One primary cause of this phenomenon

is conduction in the tank wall, which is usually made of metal and has a higher thermal

conductivity than water.  Figure 2.2.4 shows a section of the tank with conducting walls.
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Figure 2.2.4  Additional conduction between nodes due to tank wall{ TC  "Figure 2.2.4

Additional conduction between nodes due to tank wall" \l 1 }

At each node, the wall and fluid are assumed to be the same temperature.  Given this, the heat

flow from node i to node i+1 is:

qtotal = qwall + qfluid (2.2.1)

qtotal = kwall Ac ,wall
∆x Ti − T i+1( )+ k Ac

∆x T i − Ti+1( ) (2.2.2)

Where Ac,wall  is the cross-sectional area of the wall and Ac  is the cross-sectional area of the

tank fluid, both perpendicular to the direction of heat flow.  By knowing the geometries and

thermal conductivities of the tank and wall, equation 2.2.2 can be rewritten to use only the fluid



thermal conductivity plus an additional factor, referred to as the additional thermal conductivity:

qtotal =
k + ∆k( )Ac

∆x Ti − T i+1( ) (2.2.3)

Where

∆k = kwall
Ac,wall

Ac
(2.2.4)

Equation 2.2.4 gives the user a starting point for computing the "effective" conduction that

occurs between nodes.  However, equation 2.2.4 is not part of the model.  The reason that it is

not part of the model is to allow the user more freedom to match experimental temperature

profiles.  Also, one might find from comparison with experiments that using a value of ∆k

computed from equation 2.2.4 still does not match perfectly.  The reason is that although

conduction down the tank wall is one mode of heat transfer, convection is another (see [15],

[32]).

Referring again to Figure 2.2.4, as the fluid near the wall in node i+1 heats up, buoyancy

forces will cause it to rise into node i, causing mixing between the nodes.  At the same time, the

fluid in node i will cool, causing it to sink into node i+1.  Figure 2.2.5 [26] qualitatively shows

the motion of fluid along the wall of the tank.
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Figure 2.2.5  Mixing between nodes induced by thermally-conducting tank wall{ TC  "Figure

2.2.5  Mixing between nodes induced by thermally-conducting tank wall" \l 1 }

It is evident from Figure 2.2.5 that equation 2.2.4 will tend to underestimate ∆k .  By using

experimental data, the user can obtain an additional conductivity factor so that experiments and

analysis match.  If no experimental data are available, equation 2.2.4 is a good approximation.

Shyu et. al. [33] provides a table of effective conductivity for various wall and insulation

thicknesses.

2.2.3 Tanks of Non-Cylindrical Cross Section{ TC  "2.2.3 Tanks of Non-

Cylindrical Cross Section" \l 1 }

The major difference between a square tank and a cylindrical tank is the surface area

through which the tank can lose heat to the environment.  (Ignoring the phenomena that occur in

the corners).  The model does not require information on the shape of the tank, with one

exception: horizontal-cylindrical tanks which are described in the last part of this section.  For

any tank of uniform cross section, the cross sectional area is:

Ac = V tan k
Htan k

(2.2.5)



And the surface area is:

As = P Htan k( )+ 2 Ac (2.2.6)

Where P  is the perimeter of the tank.  By specifying the tank's volume, height, and perimeter,

all needed areas can be calculated.  Since the majority of tanks are cylindrical, the user may

enter a perimeter of -1 and the model will calculate it automatically.

A horizontal-cylindrical tank does not have a uniform cross-section.  Horizontal-

cylindrical tanks are a special case where the user must specifically designate the tank as such.

A 6-node horizontal-cylindrical tank is shown in Figure 2.2.6.
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Figure 2.2.6  End view of a horizontal cylindrical tank{ TC  "Figure 2.2.6  End view of a

horizontal cylindrical tank" \l 1 }

It is usually more desirable to divide a tank in N equal volume segments rather than N segments

of equal height.  However, doing so makes computing the node heights rather difficult.  For

example, given the volume of node 6, the height of its top (as shown by h in the figure) can not

be computed analytically.  In the program, a guess value of h is used and the final value is solved

iteratively.  Because of the complexities associated with calculating nodes of equal volumes, the

computer does this for the user automatically.  The option that automatically divides the tank



into nodes of equal heights becomes an option to divide the tank into nodes of equal volume.

If the user wants the nodes to have any other height distribution (including equal node heights),

the heights must be entered manually.

2.2.4 Mixing Algorithm{ TC  "2.2.4 Mixing Algorithm" \l 1 }

As an example of mixing, consider a tank with a heat exchanger in the lower portion as

shown in figure 2.2.7.  If the circulating fluid in the heat exchanger is warmer than the tank fluid,

heat will be transferred to the tank.  As the tank fluid in the vicinity of the heat exchanger warms

up, it rises due to buoyancy effects.  Buoyancy causes the fluid in the node containing the heat

exchanger to rise into the node above it, mixing the two nodes.  The process is continuous, i.e.,

heat is added to the bottom node while at the same time the nodes are mixed together.
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Figure 2.2.7  Mixing example{ TC  "Figure 2.2.7  Mixing example" \l 1 }

In figure 2.2.7, the energy from the heat exchanger goes into nodes 3 and 2 at the same time.

The energy may also flow into node 1 depending on its temperature.  Ideally, all nodes that get

mixed should be combined into one large node, thereby allowing the energy balance equation

(see chapter 3) to account for the energy input and mixing phenomena simultaneously.  The

difficulty in this approach is that node temperatures must be known at each time in order to



combine nodes.  For the situation shown in figure 2.2.7 the problem of combining nodes could

still be done without too much difficulty.  However, the problem becomes much more

complicated when all the other options described in this chapter are present.  If there are

electric auxiliary heaters and warm and cool flows entering the tank also, the situation becomes

much more difficult to model.  It is recommended that the idea of combining nodes together be

explored further because the mixing algorithm used by the model is the primary cause of errors

when tank energy balances are solved.  Chapter 6 explains the tank energy balance problem in

greater detail.

The mixing algorithm in the tank model de-couples the mixing process from the energy

input process.  For the example shown in Figure 2.2.7, all the heat from the heat exchanger is

initially placed into node 3.  Then, the mixing algorithm evaluates whether node 3 is warmer than

node 2 and then mixes them together.  If the mixed nodes 2 and 3 are still warmer than node 1,

those three are then mixed together.  This process continues up the tank until all temperature

inversions are eliminated.

The warm fluid rising from the heat exchanger in figure 2.2.7 would have momentum

associated with it.  The momentum of the rising plume does not penetrate into a node of warmer

temperature.  The mixing algorithm handles plume momentum in the same manner.  Referring to

the example tank in figure 2.2.7, nodes 2 and 3 are not mixed together until node 3 heats up to

the temperature of node 2.

To justify the validity of the mixing algorithm, the fluid modeling program FLUENT [9]

was used to model the tank shown in Figure 2.2.7.  The tank was set up as shown in Figure

2.2.8.  A copy of the FLUENT input file is given in Appendix C.
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Figure 2.2.8  Dimensions and initial conditions of tank modeled by FLUENT{ TC  "Figure

2.2.8  Dimensions and initial conditions of tank modeled by FLUENT" \l 1 }

Figures 2.2.9a - 2.2.9c show the temperature and velocity profiles after 10 minutes, 50 minutes,

and 130 minutes, respectively.
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Figure 2.2.9a  Tank Temperature and Velocity Profiles After 10 Minutes{ TC  "Figure 2.2.9a

Tank Temperature and Velocity Profiles After 10 Minutes" \l 1 }
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Figure 2.2.9b  Tank Temperature and Velocity Profiles After 50 Minutes{ TC  "Figure 2.2.9b

Tank Temperature and Velocity Profiles After 50 Minutes" \l 1 }
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Figure 2.2.9c  Tank Temperature and Velocity Profiles After 130 Minutes{ TC  "Figure 2.2.9c

Tank Temperature and Velocity Profiles After 130 Minutes" \l 1 }

As can be seen from the velocity profile in the figures, the rising plume in the cooler fluid does

not penetrate into the above warm fluid until they have reached the same temperature, which is

exactly how the mixing algorithm works.  The FLUENT runs confirm the idea that the

momentum of a rising plume does not penetrate into warmer layers.  For more information on

plumes in stratified media, refer to [13], pp. 153-157.

If a tank has no heat input components (like an internal heat exchanger) and a

temperature inversion occurs, the nodes will still mix, provided a minimum temperature

difference exists.   The nodes will mix when the Rayleigh number exceeds a critical value: [17, p.

559]



RaL ,c =
gβ T1 − T2( )∆x3

αν =1708 (2.2.7)

The greatest temperature difference needed to exceed the critical Rayleigh number would occur

with the smallest distance between nodes.  Assuming a value for ∆x  in Eq. 2.2.7 of 1.0 cm and

evaluating the properties at a temperature of 47 �C yields:

T1 − T2( )= 0.036 °C (2.2.9)

This is the smallest temperature difference needed to cause the nodes to mix.  Since distances

between nodes are usually much larger than 1.0 cm, the model uses a temperature difference of

0.001 C before mixing temperature inversions.  Essentially, the nodes mix whenever a

temperature inversion occurs.

2.2.5 Multiple tanks { TC  "2.2.5 Multiple tanks " \l 1 }

Multiple tanks are a possibility in a simulation.  The model is designed to accommodate

6 tanks, which should be enough for any user's needs.  The model contains a storage array that

keeps track of each tank's temperatures, heater status (on/off) and other things that need to be

remembered from time step to time step for each tank.

2.2.6 Static pressure at inlets and outlets{ TC  "2.2.6 Static pressure at inlets and

outlets" \l 1 }

Static pressure at inlets and outlets may be required if the user is modeling a system with

a natural convection heat exchanger.  The pressure at a flow pipe a distance h down from the

top is computed using equation 2.2.10:



∆p = ρgdh
h=0

h=H pipe

∫ ≈g ρi
i

∑ hi (2.2.10)

Where g is the acceleration of gravity, ρi  is the density of each node and the other variables are

as shown in figure 2.2.10.
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Figure 2.2.10  Computing pressure at inlets and outlets{ TC  "Figure 2.2.10  Computing

pressure at inlets and outlets" \l 1 }

Hpipe  in figure 2.2.10 is only used for equation 2.2.10.  The user actually specifies inlet and

outlet heights measured from the floor up.  ρi  is computed from a curve fit for the density of

water as a function of temperature.  Since each node's temperature is known, the model can

calculate the pressure difference between the top of the tank and the inlet or outlet port.

2.2.7 Components Entered as Heights{ TC  "2.2.7 Components Entered as

Heights" \l 1 }

In the new tank model, components are entered as heights, rather than node number.

The user specifies the height (measured from the floor up) of each component's location.  The



components that are specified as such include:  inlet and outlet flows, auxiliary heaters,

thermostats, and internal heat exchangers.  The model automatically determines in which node

the components lie.  Specifying component heights makes changing the number of nodes in the

tank (a frequently modified parameter) much easier because components do not get moved

when the number of nodes changes.


