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Introduction:

The development of our society is dependent upon access to energy. Energy for heating and cooling
accounts for 50% of final energy consumption within the European union. Today, 75% of the energy
use within the energy sector is based on fossil fuels and only 18% comes from renewable energy
sources [1]. The use of fossil fuels negatively affects our environment. Therefore, the use of fossil-
based energy must be reduced by more efficient use of energy and replacement by renewable energy
generation.

There is no universal solution to this problem. To achieve the energy transition, a mixture of measures
based on renewable and recycled energy combined with energy efficiency will be required.

The European commission published a strategy in 2016 that provides a framework for integrating
efficient use of energy for heating and cooling [1]. One of the identified measures is the reuse of excess
energy flows within the community. This requires an approach in the design/construction of our
energy systems which enables the recovering and sharing of energy flows between buildings, reducing
the primary energy demand. One challenge in the ability of recovering energy flows is the temperature
quality. For example, there can be lots of excess energy flowing from a source that cannot be recovered
due to its low temperature level. This is a common issue in urban areas due to the variety of energy
flows that appears, such as low temperature sewage water.

In parts of Europe, it is common to build centralized heating and cooling facilities and distribute the
energy through a grid. These are commonly referred to as district energy systems. The first district
heating solution was introduced around 1880 and used steam as the energy carrier, distributed in steel
pipes to the customer[2][3][4]. In the following generations of district heating, water has replaced
steam and the focus has been on lowering the temperature levels and material costs of the grid.

Fifth generation district heating and cooling (5GDHC) is under development, partly in parallel to the
development of the fourth generation. 5GDHC works with temperatures near ground temperatures
(6-40°C), which is lower than previous generations. This makes it possible to integrate energy flows
with different temperature qualities and to recover low exergy heat sources. The temperature levels
in the 5GDHC grid are free and only limited by installed materials characteristics or operational
strategies. Materials such as uninsulated plastic pipes can replace the more traditional insulated steel
pipes in 5GDHC grids.

The previous generations are based on larger centralised energy production units with a high
temperature distribution grid (60-120 C) covering whole or large parts of cities. Parallel to the district
heating grid, there can be a district cooling grid with a central cooling facility based on cooling
machines and free cooling sources.

The 5GDHC is a more complex solution. It is based upon the shared energy principle which means an
energy system that is designed for recovering and using excess energy flows before putting in external
energy. In a 5GDHC solution the primary focus is on balancing energy imbalances within and between
buildings before using external energy. The working principle is that an individual building extracts
heat or cold energy from the grid and when doing so the grid also receives excess energies of cold or
heat. Recovered energies are then shared to other buildings or saved in a thermal energy storage. In
the ideal 5GDHC solution, there is no need for an external energy source and only local heat pumps
for combined cooling and heating are installed in each building.
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The grid has no supply and return pipe, instead there is a cold and warm pipe which makes it possible
to distribute both cooling and heating within the same pipes. The grid is designed to handle a
bidirectional energy flow and non-directional medium flow.

There are several challenges with the adoption of the new 5GDHC energy solution. This solution is
more complex than previous district energy solutions and requires more coordination between the
connected facilities. For the grid to run efficiently, each building’s demands and assets need to be
coordinated toward other buildings and joint balancing units, such as seasonal energy storage and
accumulators. Therefore, a more advanced central control for operating and optimisation of the
solution is needed.

The overall control system tries to fulfil the chosen operation strategy as efficiently as possible and
takes into account different parameters, such as availability of thermal inertia, weather data and
excess energy flows. The central control system also handles business transactions within the grid.
These are some examples of parameters which need to be integrated in the development of overall
control systems.

There are also challenges in adapting and development of heat pump equipment. Local heat pumps
(in buildings connected to the grid) need to be able to work within a broader temperature width (6 to
40°C) than normal on the evaporator side. Central heat pumps (used to balance energy imbalances in
the grid) require adaptions on the condenser side to meet the lowest grid temperatures (6 to 16°C) on
the condenser side.

Accurate tools for design and simulation of 5GDHC grids are not fully developed. Unlike previous tools
for district heating, these must be able to handle both bidirectional energy flows and non-directional
medium flows. Furthermore, these tools must allow for the calculation of mass flows, pressure levels
and heat losses or gains in the grid, in order to design efficient solutions and show the consequences
of different operation strategies. The calculation of heat-losses or gains is important for the design and
development of 5GDHC grids. Sometimes the grid is designed and built with uninsulated distribution
pipes. There is a need for a tool to evaluate the heat losses due to different design choices.

The aim of this study is to develop a continuous calculation method that calculates pressure and mass
flows in a meshed, non-directional medium flow and bidirectional energy flow in a two pipe 5GDHC
grid solution. Such a method can be used for modelling, design and dimensioning purposes. A method
that easily handles load changes in the grid, facilitates the calculation of heat losses and operational
costs of the grid. Such method also enlightens the consequences of changes in the grid design or
changed operational strategy and can be used for monitoring purposes. Such calculation method is
one piece of the puzzle for developing a dynamic simulation model for 5GDHC systems.

This article reports the calculation method, its derivation and application. The article is the first step
of developing a new calculation method. There are needs for further verification and tests.
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Existing pressure calculation methods for 5GDHC
solutions

There is lack of methods that calculates pressure levels in a bidirectional meshed grid without using a
design/reference point as a base. It requires time-consuming work before various changes, which
impact the reference point, are possible to perform. During an initial design phase, this might limit the
investigation of possible designs or expanding strategies.

Previous research on pressure simulations of a 5GDHC grid used a modelica based library. This library
calculates the mass flow based on the original design pressure at a certain flow and from that calculates
the new reference conditions[5][6][7]1[8][9]:

i = sign(APAP (1.1.1)

where k refers to a system constant reflecting the characteristics of the system. The system constant
is used for adjusting deviations between the calculation and known measurements [10].

The formula is based upon the assumption of ideal affinity law that defines the square relationship
between pressure and flow, which normally dominates the pressure losses.

By knowing of the massflow and pressure in the design/reference point and the massflow in the point
of interest, it is possible to calculate that new pressure level. If the system is changed, e.g. other pipe
dimensions, additional pipes, more fittings or another fluid, then a new design/reference point needs
to be calculated and also the k is then unknown.

A technical design framework for cold heating and cooling networks has also been published within
the KoWaNet project [11] in Netherlands. The pressure calculation is based on the traditional moody
diagram and Colebrook-white equation. This is used for retrieving the specifications for pumps or
calculating the design point that is used in previously mentioned modelica simulation.

There are also advanced dynamic simulation programs used for simulating traditional district heating
grids, such as Netsims. Referring to the manual [12] the pressure calculation in Netsims is performed
by using:

2
—(K. + K. *D)* *M *(, _
Ap=(K,+K,*D)*¢p 5 +g*(z,-z,) |, (1.1.2)

where K1 and K2 are calibration constants used for adjusting discrepancies between measured and
calculated data, D is the pipe diameter (m), and u is velocity (m/s). The friction factor, ¢ is calculated
by using Colebrook — White’s formula. The formula also includes any pressure difference that appears
due to static pressure, (p*g*Az) were z is the level over a reference point (m). Even if the static pressure
does not influence the friction based pressure losses, it is good to know to assess the risk for cavitation
in pumps and verify that pressure limits is not exceeded. The formula Fel! Hittar inte referenskalla.
1.1.2 cannot handle bidirectional flows.

In the Modellica standard library [13] online there are a similar approach as presented in this article
for calculating non directional medium flow in a grid. That calculation method needs to define a static
pressure so that the pressure never becomes negative.

9
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Development of a new continuous method for flow
and pressure calculation of a 5GDHC two pipe
solution

Flow pressure calculation for any pipe segment

Figure 3.1 shows a pipe with flowing water. The length of the considered pipe is L, (m). Leq (M) is the
equivalent pipe length compensating for local losses, e.g. bends and valves, and the pipe inner
diameter is D (m). L (m) is the total length of the pipe L, and Leq. The calculation of Leq is accounted for
in a separate section. The pressure drop over the pipe and fittings is Ap (N/m?). The bulk water velocity
is u (m/s) and the corresponding mass flow is 7 (kg/s). The water density is p (kg/m3) and the viscosity
1 (Ns/m?or kg/(m-s). The water flow may be positive, zero or negative. The velocity and mass flow
become negative for negative Ap.

Pp AP,
? — , u(mfs)

— m(kg/s)

L/Opn

L=L,+L,

Figure 3.1. Notations for the considered pipe segment.

The mass flow is proportional to the bulk velocity. In the formulae below, it is convenient to allow
Reynolds’ number to be negative for negative u:

A pDu
m=p-m(D/2) - u Re = , Re,, = 2000. (2.1.1)
i

The transition from laminar to turbulent flow occurs around | Re |=Re, =2000.

11
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Pressure flow formula for laminar and turbulent flow

Pressure-flow formulas for laminar and turbulent flow may be found in many books on mass transfer,
for example Kay and Nedderman, An introduction to Fluid Mechanics and Heat Transfer [14]. The
standard formula for pressure drops in pipes is the Darcy — Weisbach equation were the ¢ is a friction
coefficient. In this method, the Darcys — Weisbach friction coefficient is used. The ¢s for laminar flow
in a circular, smooth pipe is valid when the magnitude of the Reynolds number is smaller than a
transition value of 2 000; otherwise, it is a turbulent flow.

64
The friction coefficient ¢sfor laminar flow is calculated as ¢, = R_
e
L=L +2%2L
The total length L is calculated as I e
L pu® 32 2_32,uLu_32,uL uRe_BQ,uQ L

ou - f —-Re (2.1.2)
D? D* pD p D?

L
|Re|<Retr. Ap:c/~D 5 e'B.
Calculating ¢ for turbulent flow is performed by the use of Colebrook-White’s formula which requires
a trial and error approach. There are however approximate formulae for calculating ¢ directly, such
as Blasius formula or Swamee — Jain. Blasius formula is used for smooth pipes, for example some plastic

pipes, as it does not take pipe roughness in consideration; where as Swamee-Jain takes pipe roughness
into account.

The Swamee-Jain formula was used in this method for calculating ¢, so no consideration needs to be
taken whether the pipes are smooth or not. The absolute roughness is ¢ (mm) and e,, is the absolute
roughness in meters (m).

€
e =
™ 1000

(m).

The formula for pressure calculation of turbulent flow in a circular pipe using Swamee-Jain formula is:

, _Lopul 1 _ em , 574
IRel > Rer = AP =¢r- ==, & Groeess Y = 575 1 Grepom

(2.1.3)

It should be noted that the normally occurring factor u?is replaced by u-|u| to order to include the
case of negative u-values (opposite flow direction). A “normalized” Reynolds number x is introduced
to distinguish the turbulent and laminar areas.

pDu
P L . (2.1.4)
Retr ’U’R‘etr
The above formulas (2.1.3) and (2.1.4) may be rewritten:
11 pew ,on(pRe) a1
Ap:— —— = —_—— Ir . —. (2.1.5)
4 (logy)” D 2 8 D\ pD | (log(y))

12
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The constants ko (N) and k; (-) are now introduced:

32 Re
=——Re,_, k =—=. (2.1.6)
p ' 256

0

The formula 2.1.5 can know be rewritten:

‘R x|z k k-z|x
Ap=L. L R | _& Lkol_H (2.1.7)
8 D pD (log(y)) 32pD D" 7 (log(y))
The flow is laminar for-1 < x < 1, and it is turbulent for x> 1 and x < -1.
The following combined formula are obtained from (2.1.2), (2.1.6) and (2.1.7):
L Re prDu e
Ap =k . —. e, = = , = 2.1.8
p=h pfnle). Re, puRe, D (2.1.8)
T |1:| <1 '
5,74
folwe) =1 ka2 ¢ 4 20 (2.1.9)

for "7 g

(log(y))*

£0(x,0.01)

£0(x,0.005)

Figure 3.2. Flow function fpo(x,€’)

The dimensionless flow function fo(x,e’) is an odd function in x that increases monotonously with x,
this is shown in Fig. 3.2, (k1=7,8125). The figure shows the function in the laminar and turbulent areas.
The red dotted curve illustrates the laminar area when -1 < x < 1, the curves follows x. When x> 1 and
x < -1, the curves illustrates the turbulent area which is dependent upon the influence of pipe

roughness, e, and therefor the curves differs from each other. The flow function is discontinuous at x
=landx=-1.

13
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The flow formula (2.1.8) gives the pressure drop as a function of x or u. An alternative is to use x as a
function of the mass flow m:

7pD*-u  wuD-Re 4m ; 7 pRe,,
m = = y €Tr = Re = = m ’ k2 == —t (2.1.10)
4 4 Re mpuD-Re, — k-D 4

tr

In the equation above, k; is a constant that has the same unit as the viscosity, (kg/(m-s)).
Modified, continuous flow-pressure formula

The above flow function is discontinuous at the transition between laminar and turbulent flows. This
means that the flow is indeterminant at = 1 and x = -1. The flow pattern may in certain cases be
indeterminant for the networks analysed below.

The remedy is to make the flow function continuous, while essentially keeping the relations in laminar
and turbulent regions. The laminar expression x is used for -1 < x < 1, and the turbulent expression is
used for x > 1+Ax and x < -1-Ax. Here, Ax is small compared to 1. A linear interpolation is used for the
transition regions. The following expressions for the modified flow function are obtained:

fpo(x,e/) —l<z<l, z>214+Az, z<-1-Az
j;(x,e/): 1+ Af-(z—1) 1<z<1+ Az

—14+Af-(z+1) —1-Az<z<-1

(2.1.11)
Af = [+ Aze) -1
Az

The two linear parts define the dimensionless slope Af in the transition regions:
x=1 f,(L,e)>1+ Af(1-1)=1, x=-1: f,(-Le)> -1+ Af(-1+1)=-1
x=1+Ax: f,(1+Ax,e) = = —1 — Ax: fp(=1—Ax,e") = — faxixd (2.1.12)

(tog)*’ (tog»))’

14
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The modified flow function fy(x,e), (2.1.11), is shown in Fig. 3.3 for Axz=0.2.

6 /
P Lo
2,
4 ,,//‘_.:_ :
1’/./. ..l
fp(x.00D) Y
f 5(x.0.00) I
= 0 i
-f__?('x.o.OO)) _r,,,/'"’f
f.p(x.O) f
s -2 R/
7/
7/
—4— S
L ,-"///
-6 ."///
-9 -1 0 1 2
-2 X 2

Figure 3.3. The continuous modified flow function f,(x,e).

It is again an odd function in x that increases monotonously with x. The curves show the continuous
function. It follows x in -1 < x < 1. Outside the laminar region for > 1+Ax and x < -1- Az, the curves
differs by e’. The slope of the function is Af in the two intermediate transition regions 1 < x < 1+Ax and
1l-Ax<x<-1-

The final formula for the pressure-flow relation from (2.1.11), (2.1.6), (2.1.10) and (2.1.12) is now:

L m e
Ap=Fk -—- f |——,e'|, el ==, 2.1.13
P Jy k,-D D ( )
Here, three constants are used:
3217 R T Re
k =——Re, k =-. k= L (2.1.14)
P : 256 4

Flow-pressure equations for a simple network

Figure 4.1 shows a simple network connected to an accumulator tank. Figure 4.2 shows a branched
simple network connected to an accumulator tank, with an interconnection AB between the two main
pipe couples A and B.

In the simple network, Figure 4.1, there are 3 supply lines (a) connected to a main pipe (A). In the
branched and interconnected network there are 3+3 supply lines (six customers) connected to A and
B respectively. The pipes A and B are interconnected by the pipe couple AB. The upper indices aand b
refers to the supply pipes connected to the main pipes, referred to as A and B.

15
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|
Za Dl
L,?

DSA: LsAl D A |_2A DlA |_1
®

Figure 4.1. Simple network with accumulator tank, a main pipe line (A) and 3 supply lines (a) with
prescribed mass flows. Red: hot or tepid side. Blue: cold side.

BB
D3;% La;

Figure 4.2. Branched simple network with accumulator tank, two main pipe lines A and B, and 3+3
supply lines with prescribed mass flows and an interconnection AB. Red: hot or tepid side. Blue: cold
side.

All pipe couples have a warm or tepid pipe shown in red, and a cold pipe shown in blue. The cooling or
heating demand from each customer determines the required mass flows 7’ and m.,i=1,2, 3. The

mass flow depends upon: the thermal power demand, P (kW) of the customer; the temperature
difference, d; (k), between the warm and the cold side: and the heat capacity of the medium, ¢,
(kJ/kgK).

16
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P i (3.1.1)
Yoep*dt

These mass flows may be positive or negative (or zero). For positive 7, the flow is downward in the

red pipe and upward in the blue pipe following the arrows in Figure 4.1. For negative 7, the flows

are reversed, with upward flow in the red pipe and downward in the blue pipe.

Five values for the diameters of pipe segments will be used: D4, Ds, Dag, D, and D,. The length of each
pipe segments is an input. As shown in Fig. 2.2, the input of pipe diameters and length of pipe segments
are:

D', D’ D, D, D L' L L L i=1,23 L

AB? i AB?

A B B
I, L D (3.1.2)

317 7317 3

The flows in the pipes and the pressures in the nodes between pipes are determined by the prescribed
mass flows from the 6 customers.

m, o, i=123. (3.1.3)
All these flows are positive, zero or negative.
Equation for the simple network

In figure 4.3 the notations for mass flow and node pressures are given. These pressure values are above
the static pressure in the grid. The static pressure occurs at the accumulator and the dynamic pressure
at the accumulator is set to zero.

The warm (red) pipes are shown while the parallel (blue) pipes are omitted. The flow in any cold blue
pipe has the same magnitude as that of the parallel warm red pipe but it flows in the opposite
direction. The excess pressures in the cold nodes have the same magnitude as the red ones but
opposite signs. As the warm and cold quantities only differ by sign, it is sufficient to only present
graphically one side, in this case the warm side.

P,?
2] A
m,A

Figure 4.3. Notation for mass flows and node pressures.

mg* m,*

The node pressures are calculated in the following way. The pressure-flow relation (2.1.13), is applied
to the three right-hand segments of pipe A. The mass flows for each segment are shown in Fig. 2.3.
The three input flows for pipe A become:

17
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- A - a - A - a s a - A s a s a s a
my = my, m, :m2+ms’ my :m1+m2+m:s‘ (3.1.4)
This gives accumulated input sums for pipe A:
4 3
m; :Zm_w i=123. (3.1.5)
J=i
Formula (2.1.13) becomes for the three segments (P1a- P3a)of pipe A:
L/l mA
A A i i m ;o . A _
p —p., =k - (Df):‘ fp kQDLA ,E , 1=123; p, = 0. (3.1.6)

And by this, each pressure node in the main supply line can be calculated.

For calculating the pressure in the whole network, we also need to calculate the pressure levels of the
inlet nodes a (P1a2-P3a):

m

i m

kD' D

pl—p =k ——f . i=123. (3.1.7)

Now the pressure levels and the mass flows are known for the simplest grid.
Equation for the bifurcation flow

Figure 4.4 shows the notations for the mass flows in each pipe section and the pressures at each node
in the inner loop defined by pipe A, B and AB. The pressures here are the value above the static
pressure in the grid. The dynamic pressure at the accumulator is set to zero.

The cross flow 7, from pipe A to pipe B is unknown so has to be calculated. The flow m; from the

left at the node with the pressure P." is divided into the downward flow 7,, and a remaining part

m; —m, , flowing to the right in pipe A. This is a kind of “bifurcation” flow. When opposite signs appear,

the flow travels in the opposite direction compared to the arrow.

18
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p.A pJA plA p.A8
hd A mAB m.AmAB
mg;* mg;A-m® LS L Sl
, -
m,B+m?"8
84mA8
Ma.B m,,B+m?8 _ mpm
A A
P3 P} Py

Figure 4.4. Notation for mass flows and pressure nodes of the main pipes.

The bifurcation flow is determined in the following way. The pressure-flow relation (2.1.13), is applied
to the three right-hand segments of pipe A and pipe B. The mass flows for each one of the six segments
are shown in Fig. 4.2 Here, the flows contain the bifurcation flow with opposite signs for A and B. The
remaining part is determined by the prescribed input flows from the customers. The three input flows
for pipe A become:

g = m; mhy = iy +m;, = m; 4y +m;. (3.1.8)

3 37 2 1

This gives accumulated input sums for pipe A and corresponding sums for pipe B:
A B . b
m :ij, m. :ij, i=12 3. (3.1.9)
Jj=ti

Formula (2.1.13) becomes for the three right-hand segments of pipe A (P1a to P3a):

4 LA
m, T My,

kD!

€
m

K g

p

A A _ ;
b, =P, = ko ’ (QA)?)

)

, =123 p; =0. (3.1.10)

The dynamic pressure over the accumulator is set to zero. The same type of expression is valid for pipe
B (P15 to P3g).

i
(D7)

. B .
mi, +mAB em
k,D"
K

' —p’ =k- -f, pd i=123; p) =0. (3.1.11)

)
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The sum of the equations for pipe A minus the sum for pipe B becomes equal to the pressure over pipe
segment AB:

2 A A 2 B B A A B B A B
Z(pi - pi—l) _Z(pi - pi—l) =Dy b _(p3 — b ) =Dy Dy (3.1.12)

i=1 i=1

The pressure over segment AB is:

L m e
A B AB AB m
Py —py =k =/ ; : (3.1.13)
(DAB)3 ! kQDAB DAB
The following equation is obtained from (3.1.12), (3.1.10), (3.1.11) and (3.1.13):
5, L ' —m,, e I m’ +1m,, e L,, m,, e
ZDA:s'fp kDA ’E 72 DB:;']; ’kDB ’Dé - D 3.fp kD 7D' " (3.1.14)
izl( z) 2 i 1:1( 7‘) 2 i ( AB) 27AB TAB
This gives the following basic equation to determine the bifurcation flow 7, :
L, m,, e s, I —mt +m,, e s, 17 m’ +m,, e
y f AB , m + i f i AB’i + i f i AB’L :0 3115
(D,,) "\kD,, D, ; (oY "\ kD' D! ; (o’ "\ kD’ D’ ( )

Here, the fact that fy(x,e’) is an odd function of = is used. The sum in the middle is the same as the left-
hand sum in (3.1.14), but with a changed sign for the mass flow.

The left-hand function in (3.1.15), may be represented in the following way:

A . A
mA B m ! LA B ¢ Lz _mz em AB
T = ) f T,e') = : f z)+ : f T -x |+
kZDlB DlB )b( ) (DAB)5 p( ) ;(Dz1)d ' kZDL1 DLA DzA
s n D (3.1.16)
+Z L:sf 137;'; A;'x'
=1 (DB) ! kQDi Dz 'D'i
The solution for the bifurcation flow (map) is given by the root of fou(x) = 0:
fbb(zAB?e') =0, My = k,D g2, (3.1.17)

It should be noted that all seven terms in (3.1.16) are, just as fy(x), monotonously increasing and
continuous functions of . The root or zero value can be simply determined, and the solution should
be quite robust.
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Pressure-flow relations for the whole network

Figure 4.5 shows the mass flows for all pipe segments and the accumulator. The inlet mass flows (3.1.3)
are prescribed. The other mass flows are given by (3.1.9) and (3.1.17). The remaining task is now to
determine all node pressures.

Figure 4.5. Mass flows for all pipe segments and water pressures at all pressure nodes.

The three right-hand node pressures along pipe A, up the bifurcation node, are given by (3.1.10) and
the corresponding pressures along pipe B by (3.1.11). The pressures at node “Ps;” on pipe A and B are
given by:

LA mt e r mP e
A A 31 31 m B B 31 31 m
pl —pl =k - —- f , 1, p, —p, =k - — f|—=,—. (3.1.18)
V(DA kDL D oy kD2 D
The pressure at the two right-hand inlet nodes (P12 and P2a.) on the A and B side become:
L m , m e
a A b B .
p. — D, =k - —- : ’ » ) b, — D, =k —1f . 7i? 22172‘ 3.1.19
Y (o) kDD @y T\ kRD D ( )
Finally, the pressures at the leftmost inlet nodes (P3, and P3,) become:
L me e I’ m e
a A 3 3 m b B 3 3 m
Py =Py =y . - e e |’ Py =Py =k ) f b | (3.1.20)
(D3 )3 g kZDg D3 (D3 )3 ! k2D3 D3
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An example of flow and pressure calculation of a
5GDHC two pipe solution

In this part, a pressure and flow calculation of a shared energy system, (SES grid) with six
interconnected buildings with various power demands is performed. The grid is designed as in Figure
5.1 and the input data used is related to the indexation in the same Figure.

o

| Ipg D | |Dyg
4 L:a A Lzza Lia
Y
| 531A7L31A DA, LA D'ZA, LA I;l“, LA
@ L2 ® *
DAB
AY (e
D.®
L8
. DB, L8 - D,8, L2
A
D,° D,°
Ly LP
ﬁ
Figure 5.1: Grid design
The following input data will be used:
p=999,1 (kg/ m*), p=1-10" (kg/(m,s)), Re,, = 2000, Az =0.2. (4.1.1)
The three constants (2.1.14) become:
k, =6,4-107, k =7,8125. k, =1,571 (4.1.2)
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Table 5.1: Input data for pressure flow calculations

Indata for flow and pressure calculation
Position Massflow|Position |Diameter|Inner Position [Length |Position |Diameter|Inner Position [Length
(kg/s) (mm) diameter (m) (mm) diameter (m)
(mm) (mm)
m;’ -4,8|D;° 75 66|L,° 5/p,* 160 141{L,* 17,8
m,° 15,6|D, 110 96,8|L," 73,6/D," 140 123,4|L," 122,9
ms’ 7,2|D5 75 66|Ls° 18(p;* 75 66|Ls" 46,3
m” 14,4D,° 75 66|L,° 73,8|D,° 110 96,8|L," 70,1
m, -9,6|D," 110 96,8| L, 46,1|D,"° 110 9%,8|L,° 37,1
ms 6,0|Ds” 110 96,8| 5" 123,9|D;° 75 66|Ls° 44,4
Ds," 75 66|Ls1 10
Da® 75 66|Ls,° 120
D" 75 66|L"° 128,2

The first step is to calculate the pressure difference between A & B, (that results in the cross flow).

Note that the differential pressure over the accumulator is set to 0.

To determine the cross flow we start by calculating the mass flow of pipe A and pipe B. Applying
equation (3.1.9) determines the massflow of each side without any bifurcation, see Figure 4.4.

Table 5:2 Mass flow in the inner loop without bifurcation.

massflow without bifurcation
Massflow

Position (kg/s)

m," 18
my 22,8
ms" 7,2
m; 10,8
m,® -3,6
maB 6|

Using the mass flows of each node in (3.1.16) and (3.1.17) the mAB is calculated.

mAB= 1,3 kg/s

The flow relation in the whole network is described in Figure 4.5. The calculated mass flows are shown
in table 5.3.
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Table 5.3: Mass flows in the whole grid with bifurcation

massflow bifurcation
Massflow

Position |(kg/s)

m," - m"® 16,7
m," - m*® 21,5
mgA- m"® 5,9
ms” 7,2
m13+mAB 12,1
m23+mAB -2,3
m33+mAB 7,3
mng 6
m"® 1,3

The pressure nodes in the grid can now be calculated with equations (3.1.10), (3.1.11), (3.1.18),
(3.1.19) and (3.1.20) the positions is related to Figure 2.5. These are shown in table 5.4.

Table 5.4: Pressure in the whole grid

Pressure in the whole grid

Pressure Pressure
Position [(Pa) Position [(Pa)
P 1228)p,’ -187
p," 26995|p,° 54917
ps" 46304|p5° 57012
s’ 52253
p,° 16577|p," 175618
Py’ 16123|p,” 8949
ps° 42984p,° 51196
Pa 94057
p"® 3320

Now all flow and pressure levels are known in the grid.
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Local losses

The influence on pressure related to local losses from fittings, such as bends, valves and T-pipes, in a
district grid is normally low due to the size of the pipes and the frequency of fittings. But even if the
influence of the fittings is modest, it is possible to include local pressure losses to the calculation and
make the calculation even more precise.

A common way of handling the influence of the fittings is by using the equivalent length method. The
method is easy to use and calculate, but its weakness is that the method is no stronger than the
accuracy of the loss coefficient {. Typical values of £ can be retrieved from manufacturers or in
different handbooks such as Handbook of hydraulic resistance or the Heat Atlas [15][16] The theory is
to define the characteristic / pressure drop that a certain fitting causes as a corresponding pipe length.
By using this method, it is possible to calculate the total pressure demand by just adding additional
pipe length that compensates for the fittings.

By setting formula (3.1.3) equal to the formula of local pressure losses, Apioca

U
Ap,  =¢ *%, (5.1.1)

where ( is a tabulated value for the specific fitting.

The equivalent length can be calculated as:

L = D-if — D-¢-4(log(y)) (5.1.2)
C

If the influence of pipe roughness is considered negligible, the Leq can be calculated as:

L =D S —p.—S e,
“ of 0,316
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Discussion:

The aim of this work is to design a continuous formula to be used for pressure and mass flow
calculations in 5GDHC solutions with a meshed grid and non-directional medium flow. The Swamee-
Jain formula was chosen for calculating the friction factor since it takes pipe roughness into account.
The possibility of calculating pressure levels and mass flows of a 5GDHC grid is valuable in many ways.
That knowledge can be used for optimising the operation and design. It can also be used to predict
what to expect from such a grid.

Knowing how the flows divide within the grid makes it possible to calculate energy leakage from the
grid or the energy recovery from surrounding soil. Calculating pressure levels in the grid enables
prediction of energy costs for pumping and can also be a tool for designing operation strategies and
equipment. The calculation can also be applied as a monitoring tool, to identify deviations and indicate
disturbances.

In the design phase, this knowledge highlights the consequences when choosing pipe diameters and
also provides essential design parameters for local circulation pumps.

The calculation also gives vital information when expanding a grid. For example, by calculating the new
pressure, measures to avoid exceeding the pressure limits of the grid can be implemented, such as
increasing the temperature difference or meshing the grid. If the calculation method is used for this
purpose, the static pressure must also be added to the equation.

During the design phase, local losses in a grid are either overlooked or a simple percentage
compensation is used. A better but more demanding method to include the local losses in the
calculation is the equivalent length method.

When calculating pressure losses in a pipe system with turbulent flow, the pipe roughness influences
the pressure loss. In the presented grid calculation method, the roughness is taken into account. Some
5GDHC will be designed with plastic pipes material and if so the pipes can be assume to be smooth
and with a small influence of pipe roughness. We have estimated the error to be low based upon the
following reasoning.

e The diameter of the pipes in a grid with a low DT is large, often >100 mm.

e The Reynolds number is normally beyond 1*1076 in such systems.

e The piping material is mainly based upon plastic pipes with low absolute roughness
The absolute roughness of district heating pipes is around 0,05 and for plastic pipes it is 0,01 mm
(stated by manufacturers and industrial organization such as Powerpipe and Nordic plastic pipe
association)[17][18]. For a 100 mm diameter pipe, this results in a low relative roughness (<0,0005-
0,0001) and, as a consequence, a low difference in friction factor between smooth pipes and plastic
pipes up to RE 1*1075.

It is also worth remembering that the point of dimensioning the system is based on the “worse” case
which differs a lot from the ordinary operation point with a much lower Reynolds number. This limits
the error of the friction factor even more when used for calculation over a period of time, such as
calculating energy demand.
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A formula calculating the pressure drop without taking pipe roughness into account, based upon
Blasius formula for calculating ¢f will look like:

z |:E| <1
0.75

L m k x|z z|>1+ Az
Ap=k -—-f , fl@)=1" | | | | (6.1.1)

D k,-D 1+k3(3371) l<z<l4+ Az

—1+k(z+1) —-1-Az<z<-1
Here, four constants are used:
32 p° i ™ pRe, k(14 Az)™ -1
k,=——"Re,, k = 0.079 Re!™, &, = —_ " k, = - ( 7) ) (6.1.2)
p r 16 r 4 Ax

If using Blasius formula instead, it is important to be aware of the limitation despite the calculation
working reliably under “ordinary” circumstances with plastic pipe qualities.

Calculation methods using reference point as a base together with the affinity laws that states that the
dynamic pressure is proportional to the square of flow to calculate different loads, starts with a
traditional pressure loss calculation such as Darcy-Weisbach and the moody diagram to retrieve the
design/reference point as a base to calculate from. This method requires retrieving the friction factor
from the Moody-Brooke diagram and then calculating the pressure drop of the reference point, using
the Darcy- Weisbach method. From there, based on the square relation between flow and pressure
changes, a new pressure level can be calculated.

The slightest changes of the grid design require a whole new calculation of the design/reference point.
The square relation between flow and pressure is also not exactly square, so a small deviation appears,
and how big it is depends upon how big the changes are from the reference point and the square
relation is only valid within the turbulent area.

With the presented continuous formula it is possible to calculate the pressures and flows in the grid
when loads or the design changes. This is much easier and accurate to use in dynamic simulation
programs or for evaluating different design solutions.

A comparison between calculation methods (1.1.1) and (2.1.13) is conducted, assuming that the results
from pressure calculations using Darcy-Weisbach formula combined with retrieving the friction factor
(cf) from the moody diagram gives the true pressure.

The comparison is performed by a number of pressure loss calculations of a pipe with a length of 100
m and a diameter of 0,1 m and with different Reynolds numbers. The choice of Reynolds numbers is
performed to cover the width of the moody diagram but also more frequently in the more common
part of the moody diagram. Looking at the equation 1.3 it shows that a change of Reynolds number in
a pipe with the same medium and temperature can only be achieved by changing the velocity and by
that the mass flow.

In the method using the affinity law, the first step is a pressure loss calculation, using, for example, the
Darcy-Weisbach method, to retrieve design/reference point to go from. The next step is to calculate,
based on the base point, the new pressure loss a changed medium flow causes. This is performed by
using the square relation between flow and pressure. In our comparison, the design/reference point
is chosen to be where the Reynolds numberis 1 * 10 A 5.
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The following assumptions have been used:
e’=0.0002, D = 0.1m, Viscosity = 0.001kg / m-s, p = 999.1kg / m3, Retr = 2300, and L = 100m K = 1.

Based on those assumptions the three different methods are used and the results are presented in the
table below:

Table 7.1: Comparison between calculation methods

Results:

Re u(m/s) |cf APdarey (Pa) |Apat (Pa) Deviation|Apcnt (Pa) Deviation

1000| 0,010009 0,064 3 1 0,30 3 1,00
10000] 0,10009 0,031 155 95 0,61 157 1,01
50000 0,50045 0,0215 2690 2377 0,88 2696 1,00
100000| 1,000901 0,019 9509|Design point 9509 9506 1,00
200000 2,001802 0,017 34031 38034 1,12 34294 1,01
300000] 3,002702 0,0162 72966 85577 1,17 73460 1,01
400000| 4,003603] 0,0157 125713 152137 1,21] 126758 1,01
500000| 5,004504| 0,0154 192673 237714 1,23] 194070 1,01
600000| 6,005405 0,0151 272045 342308 1,26] 275331 1,01
700000{ 7,006306 0,015 367831 465919 1,27] 370500 1,01
800000| 8,007206| 0,01485 475628 608548 1,28| 479546 1,01
900000| 9,008107 0,0148 599940 770193 1,28 602452 1,00
1000000| 10,00901| 0,0147 735662 950856 1,29] 739202 1,00

10000000 100,0901| 0,0136 68061255 95085577 1,40| 69441110 1,02

As shown in the table, the deviations between the continuous method and the Darcy-Weisbach
method is very low. The method based on the affinity laws differs more and especially within the
laminar area, where the formula is not applicable.

Even though the deviations are larger when using the affinity laws, it might be sufficiently accurate
enough within a normal operating area. Where the velocity in the pipe goes between the initial
turbulence velocity and 3 m/s, then the deviation in our comparison goes up to 17%.

By using the continuous calculation method it is possible to:

e Both retrieve the pressure drop and the mass flows directly in a meshed grid with non-
directional medium flow and bidirectional energy flow

e The calculation method handles changes of the grid configuration directly which makes it
more suitable for pre-design and simulation purposes.

e The deviations is low compared to Darcy-Weisbach which is a well-established method, and
hopefully the method can be implemented as a tool for monitoring the operation of the grid
so identify unexpected local pressure losses.

There are needs for further tests and verification of the method and it would be valuable to test the
method on a real facility.

31



Method for pressure and flow calculations of a SGDHC grid with bidirectional energy flow...

32



Method for pressure and flow calculations of a SGDHC grid with bidirectional energy flow...

Conclusion:

With this calculation method, it is possible to determine the pressure and mass flow in each part of
the grid and it is possible to calculate each point directly without the reference point. The
consequences if changing the conditions such as pipe radius or length is also handled by the calculation
method. The proposed calculation method can be used both as a design and a simulation tool.

The calculation method handles a meshed grid bifurcation flows and if the grid has lots of fittings that
gives local pressure losses it can be handled using the equivalent length (Leq) method. There are
demands for further investigation on how to handle multiple loops within the grid.

The outcome can be used for identifying bottlenecks when expanding a grid or used as a dimensioning
tool, to determine the pipe dimensions in the grid and/or the pressure demands and calculate design
parameters for local circulation pumps. It can be used to determine the consequences of expanding
the grid or increasing local power demands and be a tool for decision making.

Knowing how the water moves (mass flows) in the grid makes it possible to calculate energy losses or
gains in the grid.

This report is a part of the work in developing a calculation tool for grids with bidirectional energy and
non-directional medium flows. This calculation method will be a part of a modelica based simulation
tool for 5GDHC systems that is under development.
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