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Abstract 

The hydraulic transients are obvious during the operation and adjustment of 

large-scale district heating (DH) network. Hydraulic transient modeling and 

simulation methods can provide basis for efficient operation of the DH network. In 

this paper, two hydraulic transient models, the distributed parameter model (DPM) 

and lumped parameter model (LPM), were established for DH network. Efficient 

numerical algorithms were presented for the two models. The proposed DPM and 

LPM were both applied to a DH network to simulate and analyze the network 

hydraulic transients caused by the valve and pump operations. Results indicate that 

with the increase of the distance from the adjustment location, the transient time for 

the flow rate and pressure gets longer. As the adjustment duration decreases, the 
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transient time increases. Comparison of the simulation performances between the two 

models indicates that the DPM can capture the high-frequency hydraulic transients 

subtly. With the decrease of adjustment duration, more severe high-frequency 

hydraulic transients will occur. However, only the average hydraulic fluctuations can 

be described by LPM. The computation time of LPM is shorter than DPM because of 

the vectorizable calculation procedure and the less data to record, since the LPM 

neglects the pressure waves and the fluid compressibility. 

 

Keywords: district heating network; hydraulic transient; distributed parameter model; 

lumped parameter model; transient time. 
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Nomenclature 

a  Pressure wave velocity (m/s) tQ  Flow rate vector of tree branches (m3/h) 

  Dimensionless frequency ratio of the pump vR  Adjustable ratio of valve 

A  Cross-sectional area of pipeline (m2) S  Impedance of heat exchanger [m/(m3/h)2] 

kB  
Basic incidence matrix of district heating 

network 
*S  

Comprehensive impedance of pipeline 

[m/(m3/h)2] 

krB  Incidence matrix of cotree branches t  Time (s) 

ktB  Incidence matrix of tree branches T  Real-world calculation time (s) 

1c , 2c , 

3c  
Parameters of pump characteristic equation t  Time steps (s) 

fC  
Independent loop matrix of district heating 

network 
  Valve opening 

0vC  Flow capacity for 100%   x  Axial length of the pipeline (m) 

D  Diameter of pipeline (m) x  Spatial steps (m) 

f  Resistance coefficient   
Resistance of valve at heat exchanger 

[m/(m3/h)2] 

F  Operating frequency (Hz)   Hot water density (kg/m3) 

0F  Rated frequency (Hz) Subscripts 

g  Acceleration of gravity (m/s2) i  Number of nodes on the pipeline 

H  Pressure head (m) j  Pipeline number 

cH  Pressure at pipeline junction (m) rj  Number of supply pipeline 

pH  
Pump head vector of all circulating pumps 

(m) 
sj  Number of return pipeline 

0H  
Constant pressure of circulating pump inlet 

at the referenced heat source (m) 
k  

Number of nodes used in calculation of each 

pipeline connected at the junction 

H  Resistance loss of pipeline (m) Superscripts 

*H  
Pressure drop vector between inlets and 

outlets of all the pipelines (m) 
n  Last time step 

rI  Identity matrix 1n   Present time step 

L  Length of pipeline (m) Abbreviations 

N  Quantity of control volumes DH District heating 

NS  Last node at downstream of pipeline DPM Distributed parameter model 

Q  Flow rate (m3/h) LPM Lumped parameter model 

bQ  Flow rate of make-up water (m3/h) ODE Ordinary differential equation 

hQ  Flow rate of heat exchanger pipeline (m3/h) PDE Partial differential equation 

sQ  Flow rate of heat source pipeline (m3/h) 4GDH 4th generation district heating 

rQ  Flow rate vector of cotree branches (m3/h)   
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1. Introduction 

The district heating (DH) system is one of the most essential infrastructures in 

modernized city, which is of great significance for energy saving and emission 

reduction. Combined with smart energy systems, waste heat and renewable energy 

sources can be integrated into DH system to achieve high energy efficiency, as the 4th 

generation district heating (4GDH) is introduced in [1]. With the development of 

4GDH, the DH networks need higher operational flexibility, which depends on the 

advancements of modeling and simulation technology. The analysis on hydraulic 

characteristics of DH network is extremely important, because the hydraulic 

conditions directly affect the efficiency of transmission, distribution and operation of 

the DH network.  

The static hydraulic modeling methods are widely used to analyze the operation 

and adjustment of DH network. In the static hydraulic model, the flow rates and 

pressures of the network are correlated by the steady-state Bernoulli equations of all 

the pipelines and the Kirchhoff’s laws. The flow rates and pressures of the DH 

network can be calculated by iterative methods of non-linear equations [2]. A static 

hydraulic simulation method of meshed DH network with multiple heat sources was 

presented based on square roots method, which required less iteration steps and faster 

computational speed [3]. A hydraulic simulation platform [4] was established based 

on the static hydraulic model of meshed DH network with two or three heat sources, 

and the simulation results are also validated by measured data [5,6]. Based on the 
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static hydraulic model, various control strategies of DH network were proposed [7,8]. 

An optimal control strategy of DH network was developed by proper orthogonal 

decomposition with radial basis functions method [9], which can efficiently reduce 

the energy consumption of the DH system and manage the malfunction conditions. 

However, the unsteady variations of the flow rates and pressures within the DH 

network cannot be ignored during the operation and adjustment of the DH network. 

Studies on the modeling and simulation of the hydraulic transients will provide 

technical support for dynamic regulation of large-scale DH network [2]. The 

hydraulic characteristic of the district heating system was described based on the 

graph theory and the unsteady flow equation of the pipeline, which showed the 

relationship between the pressure along the pipeline and the derivative of flow rate 

with respect to time [10]. A hydraulic transient model of the district heating pipeline 

was established based on momentum and continuity equation, the similitude criterions 

used in analysis of the flow of compressible fluid were deduced. The proper pipes for 

the scale model of the long-distance district heating system were selected by 

experiments based on several typical parameters of the pipes [11]. In our previous 

research, a lumped parameter model (LPM) and its numerical solution method for DH 

network have been proposed, which were effectively applied to simulate and analyze 

the dynamic responses of the substation flow rates during the unsteady hydraulic 

processes in real DH networks [2,12]. The LPM assumes uniform flow rate along 

each pipeline at a certain time, while the pressure wave propagation along the pipeline 
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and the compressibility of the fluid are neglected. The transient fluid flow of each 

pipeline is governed by an ordinary differential equation (ODE), the Bernoulli’s 

equation for unsteady flow. Combination of all these ODEs for the pipelines of the 

whole DH network with Kirchhoff’s laws will lead to the LPM [12]. The neglect of 

pressure wave propagation and compressibility of the fluid will result in imprecision 

of the network hydraulic transient analysis. The distributed parameter model (DPM), 

which considers these two factors, is essential for more precise hydraulic transient 

simulation of the DH network. However, the research on the DPM of DH network 

hydraulic transient is rare. 

The DPM of the water distribution networks, gas transmission networks and 

petroleum transmission networks for hydraulic transient modeling and simulation 

have been extensively studied. The DPMs of these networks are established by 

solving the momentum and continuity equations of all the pipelines considering the 

Kirchhoff’s laws numerically. A DPM and three of its solution methods were 

constructed and applied to the hydraulic transient analysis of water distribution 

networks with different size and complexity, the comparable accuracy of DPM was 

shown [13]. A DPM of gas supply network was established and used in a real gas 

transportation system, the transient gas flow was simulated precisely in the normal 

and supply reduction case [14]. Based on the subtle simulation of transient flow in 

real long-distance main feeder [15] and water distribution network [16] by DPM, the 

rational designs of the systems can be determined to prevent extremely high pressure 
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and other security accidents. The accuracy and reliability of the DPM have been 

verified by experiments in various researches [17-20]. The existing researches 

indicate that the DPMs can precisely predict the hydraulic transients of fluid networks, 

hence it is feasible to be applied to the DH network. However, the DH network is a 

closed fluid network with supply and return pipelines forming all the circulation loops, 

the previous DPMs for the open networks cannot be directly applied to the DH 

network. For the further application of the DPM, since the propagation of the pressure 

wave and high-frequency hydraulic fluctuations can be subtly captured by the DPM, 

the water hammer protection and the rapid leakage detection of the large-scale district 

heating networks can be realized based on the hydraulic transient analysis [21,22]. 

In this paper, the DPM of DH network for hydraulic transient simulation was 

established. The characteristic line method was introduced to solve the DPM. 

Boundary conditions including pipeline junctions, heat exchangers and heat sources 

were developed. By neglecting the pressure wave propagation and the compressibility 

of the fluid, a simplified LPM can also be derived. The fourth-order Runge-Kutta 

method was proposed to solve the LPM. The DPM and LPM were both applied to the 

simulation study of a real DH network. The independence tests of the spatial and time 

steps were conducted on both numerical models. The hydraulic transient 

characteristics were analyzed by the DPM and LPM during the adjustments of 

substation valve opening and heat source circulating pump frequency, the two models 

were comprehensively compared with each other to study the differences in hydraulic 
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transient analysis. 

 

2. Methods 

2.1. Distributed parameter model 

The hydraulic transients of all the DH pipelines and their boundary conditions 

including junctions of three or more pipelines, heat exchangers and heat sources are 

considered to establish the unsteady hydraulic model of a whole DH network. The 

momentum and continuity equations that describe the hydraulic transient 

characteristics of the pipeline are formulated as [23]:  

 2

1
0

2

Q H f
g Q Q

A t x DA

 
  

 
  (1) 

 
2

0
H a Q

t gA x

 
 

 
  (2) 

where g (m/s2) is the acceleration of gravity, H (m) is the pressure head, x (m) is the 

axial length of the pipeline, Q  (m3/h) is the flow rate, A  (m2) is the cross-sectional 

area of the pipeline, t  (s) is the time, f  is the resistance coefficient, D  (m) is the 

diameter of pipeline, a  (m/s) is pressure wave velocity. The characteristic line 

method [23] is used to convert the partial differential equations (PDEs) into ODEs as 

Eqs. (3) ~ (6). Eqs. (3) and (4) are applicable to positive characteristic line (AP), 

while Eqs. (5) and (6) are applicable to negative characteristic line (BP), as shown in 

Fig. 1. The characteristic lines represent the propagation paths of pressure wave. 
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1 1
0
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dH dQ f
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dx

a
dt

   (4) 

 2

1 1
0

2

dH dQ f
Q Q

a dt gA dt gDA
      (5) 

 
dx

a
dt

    (6) 

Eqs. (3) and (5) are discretized as Eqs. (7) and (8) along the positive and negative 

characteristic line [23]. 1j ,i-C  and 1j ,iC   is calculated by Eqs. (9) and (10).  

 1 1
1

n n
j ,i j ,i- j j ,iH C B Q     (7) 

 1 1
1

n n
j ,i j ,i j j ,iH C B Q 

    (8) 

 1 1 1 1 1
n n n n

j ,i- j ,i j j ,i j j ,i j ,iC H B Q R Q Q        (9) 

 1 1 1 1 1
n n n n

j ,i j ,i j j ,i j j ,i j ,iC H B Q R Q Q         (10) 

where i  is number of nodes on the pipeline, n  is last time step, 1n  is present 

time step, jB  and jR  is calculated by Eq. (11) and (12), respectively.  

 
j

j
j

a
B

gA
   (11) 

 22
j j

j
j j

f x
R

gD A


   (12) 

As shown in Fig. 1, when the flow rates and pressures of two adjacent nodes (A and B) 

at the previous time step n  are known, the flow rate and pressure of the node (P) at 

the present time step 1n  can be calculated by Eq. (7) ~ (9). By analogy, the flow 

rate and pressure of all internal nodes of the pipeline at each time step can be 

obtained. Jo
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Fig. 1. Characteristic lines of a single pipeline 

 

The flow rate and pressure boundary conditions of boundary nodes of the 

pipelines, including the pipeline junctions, heat exchangers and heat sources are 

developed as follows. 

(1) Pipeline junctions 

In DH network, the node connecting three or more pipelines is called the pipeline 

junction, as shown in Fig. 2. The hydraulic characteristics of the junction are 

governed by two control equations: 1) the pressure of each pipeline at the junction is 

equal, as described by Eq. (13); 2) the conservation of mass is satisfied at the junction, 

which means the net flow rate of inflow and outflow at the junction are the same, as 

Eq. (14). 

1 x

t

n

n+ 1

x

ꞏꞏꞏ ꞏꞏꞏ
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ꞏꞏꞏ

n+ 2

t

A
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Fig. 2. Hydraulic schematic of pipeline junction 

 1 1 1
1 2 1 3
n n n
,NS , ,NS cH H H H       (13) 

 1 1 1
1 3 2 1
n n n
,NS ,NS ,Q Q Q      (14) 

where N  is penultimate node, whose number is equal to the quantity of control 

volumes, NS  is the last node at downstream of the pipeline, cH  (m) is the pressure 

at the pipeline junction. The characteristic line equations at the junction are shown as 

Eqs. (15) ~ (17). 

 
1

1 1 1
1

1

n
n ,N ,NS
,NS

C H
Q

B


 
   (15) 

 
1

1 2 2 2 2
2 1

2

n
n , ,
,

H C
Q

B


 
   (16) 

 
1

1 3 3
3

3

n
n ,N ,NS
,NS

C H
Q

B


 

   (17) 

The junction pressure can be obtained by solving Eqs. (9), (10), (13) ~ (17) 

simultaneously, and formulated as Eq. (18). 

NS

1

2

N

NS

C 2,2

NC 1,
NC 3,

N
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1 2 2 3

1 2 3

1 2 3

1 1 1

,N , ,N

c

C C C

B B B
H

B B B

 


 
  (18) 

Since the flow direction does not influence the form of the equations, the pressure at 

the junction can be converted into the following general form: 

 
1

j ,k

j j
c

j j

C

B
H

B





  (19) 

where k  is the number of nodes used in calculation of each pipeline connected at the 

junction (node number 2 or N of the pipeline). The flow rate at the junction of each 

pipeline can be calculated by substituting Eq. (19) into Eqs. (15) ~ (17). 

(2) Heat exchangers 

The heat exchanger in each substation is considered as a resistance component in 

DPM. There are only two nodes at the inlet and outlet of the heat exchanger, 

connecting two pipelines sj  and rj  ( sj  represents the number of supply pipeline, 

and rj  represents the number of return pipeline), respectively, as shown in Fig. 3. 

The flow rates at the end node of sj  and the first node of rj  are equal, and the 

pressure difference of the inlet and outlet node 1 and node 2 equals the resistance of 

the heat exchanger and the valve, as Eqs. (20) ~ (23). 

Jo
ur

na
l P

re
-p

ro
of
 



 

Journal Pre-proof
 
Fig. 3. Hydraulic schematic of heat exchanger 

 

 1 1 1 1
1 2 1s r

n n n n
j , j ,NS j , j , hQ Q Q Q Q         (20) 

 1 1
1 s

n n
j , j ,NSH H    (21) 

 1 1
2 1r

n n
j , j ,H H    (22) 

 1 1 1 1 2
1 2 1 ( )

s r

n n n n
j , j , j ,NS j , j j hH H H H S Q          (23) 

where hQ  (m3/h) is the flow rate of heat exchanger pipeline, S  [m/(m3/h)2] is the 

impedance of the heat exchanger and its fittings. Combined with Eqs. (7) ~ (10), the 

flow rate of heat exchanger can be formulated as Eq. (24). 

 
2

2( ) ( ) 4 ( )

2( )
s r s r s rj j j j j j ,N j ,

h
j j

B B B B S C C
Q

S 

     



  (24) 

where   [m/(m3/h)2] is the impedance of valve at heat exchanger, which can be 

calculated by Eq. (25).  
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2(1 )

0

j

v
j

v , j

R

C



 
 

   
 

  (25) 

The valve at the primary side of the heat exchanger has the equal percentage flow 

characteristic.   is the valve opening, 0vC  is flow capacity for valve opening 

=100%, vR  is rangeability of the valve,   (kg/m3) is the hot water density. 

Substitute Eq. (24) into Eqs. (7) and (8), the inlet and outlet pressures can be 

obtained using Eqs. (21) and (22). 

(3) Heat sources 

The heat source of DH network includes a heat exchanger and a circulating 

pump, as shown in Fig. 4. For the DH network with multiple heat sources, the pump 

inlet of a certain heat source (named the referenced heat source) is specified as a 

constant pressure level, maintained by the make-up pump. Mathematical models of 

the two types of heat sources, the referenced heat source and non-referenced heat 

sources, are established respectively. The inlet and outlet node of heat source connects 

pipeline rj  and sj , respectively, the flow rate and pressure are calculated with Eqs. 

(26) ~ (29). The inlet and outlet pressure difference of the heat source equals to the 

difference between the pump head and resistance of the heat source. 
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Fig. 4. Hydraulic schematic of heat source 

 

 1 1 1 1
1 2 1r s

n n n n
j , j ,NS j , j , sQ Q Q Q Q         (26) 

 1 1
1 r

n n
j , j ,NSH H    (27) 

 1 1
2 1s

n n
j , j ,H H    (28) 

 1 1 1 1 2 2 2
2 1 1 1 2 3s r

n n n n
j , j , j , j ,NS s s j sH H H H c Q c Q c S Q             (29) 

where sQ  (m3/h) is the flow rate of heat source , 1c , 2c  and 3c  are parameters of 

the pump characteristic curve,   is the dimensionless frequency ratio of the pump, 

which is a function of time: 

 
0

F

F
    (30) 

where F  (Hz) is the operating frequency, 0F  (Hz) is the rated frequency. 

Combined with Eqs. (7) ~ (10), the flow rate of heat source pipeline can be solved as 
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Eq. (31). The inlet and outlet pressures can be obtained by Eqs. (7) and (8). 

 
2 2

2 2 1 3 2

1

( ) ( ) 4( )( )

2( )
s r s r s rj j j j j j , j ,N

s
j

c B B c B B c S c C C
Q

c S

           



  (31) 

For the referenced heat source, the make-up water is installed at the inlet of the 

circulating pump to ensure that the empty and vaporization do not occur. The flow 

rate of the make-up water equals to the flow difference between the inlet and outlet of 

the circulating pump. Mathematical model of the constant pressure replenishment 

system is governed by Eqs. (32) ~ (35). The inlet flow rate of the circulating pump 

can be calculated as Eq. (36). The pressure difference between the inlet and outlet of 

the referenced heat source is formulated as Eq. (37). The outlet flow rate of the 

referenced heat source is calculated as Eq. (38).  

 1 1
1 r

n n
j , j ,NSQ Q    (32) 

 1 1
2 1s

n n
j , j ,Q Q    (33) 

 1 1 1 1
2 1 1s r

n n n n
b j , j , j , j ,NSQ Q Q Q Q         (34) 

 1 1
1 0r

n n
j , j ,NSH H H     (35) 

 
01

1
r

r

j ,Nn
j ,

j

C H
Q

B
 
   (36) 

 1 1 1 1 1 2 1 2 1 2
2 1 1 1 2 2 2 3 2( ) ( )

s r

n n n n n n n
j , j , j , j ,NS j , j , j j ,H H H H c Q c Q c S Q                (37) 

 
2 2

2 2 1 3 2 01 1
2 1

1

( ) ( ) 4( )( + )

2( )
s s s

s

j j j j ,n n
j , j ,

j

c B c B c S c C H
Q Q

c S

  
 

      
 


  (38) 

where 0H  (m) is the maintained constant pressure of the circulating pump inlet at 

the referenced heat source, bQ  (m3/h) is the flow rate of the make-up water. The 

detailed hydraulic transient calculation procedures of the DPM are shown in Fig. 5. 
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Fig. 5. Hydraulic transient calculation procedures of the DPM 
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2.2. Lumped parameter model 

The momentum equation of the LPM is derived from Eq. (1). The pressure wave 

propagation and the variation of flow rate along the pipeline are neglected [12]. Only 

the variation of inlet and outlet pressure with t  are considered, as Eq. (39). 

 
j

j

HH

x L


 


  (39) 

where H (m) is the friction loss of the fluid. Substitute Eq. (39) into Eq. (1), the 

following equation can be obtained: 

 22
j j j

j j j j
j j

dQ f L
K Q Q H

dt gD A
      (40) 

where j j jK L gA . The nonlinear term in Eq. (40) represents the pipeline friction 

loss. Eq. (40) can be extended to the following form to absorb the resistances of the 

heat exchangers and control valves within the heating substation and heat sources: 

 j *
j j j j j

dQ
K S Q Q H

dt
     (41) 

where *S  is formulated as: 

*
j j j j jS S R N                  (42) 

According to the Kirchhoff’s laws, the following matrix equations can be derived 

[24]: 

 0kB Q    (43) 

 0*
fC H    (44) 

 *
pH H H      (45) 
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where kB  is the basic incidence matrix of DH network, fC  is the independent loop 

matrix of DH network, *H  (m) is the pressure drop vector between inlets and 

outlets of all the pipelines, pH  (m) is the pump head vector of all circulating pumps. 

Q  (m3/h) is the flow rate vector of all the pipelines. Combine Eq. (41) and Eq. (44) 

and eliminate H , the LPM of the DH network can be derived as the following 

form:  

 ( ) ( ) ( )*
f f p f

dQ
C diag K C H C diag S diag Q Q

dt
    (46) 

where K , *S  and Q  are column vectors, and transformed into the following 

diagonal matrixes, ( )diag K , ( )*diag S  and ( )diag Q . Based on the graph theory, 

the district heating network can be considered as a connected graph. The spanning 

tree is defined as a subgraph of the connected graph, which can connect all the nodes 

of the network, but does not contain any loops. All the branches of the spanning tree 

are called tree branches, the remaining branches of the network are called cotree 

branches. Therefore, kB  and Q  are partitioned into two blocks, the tree branches 

and the cotree branches, as Eqs. (47) and (48). Combined with Eq. (43), the flow rate 

vector of the tree branches can be calculated as Eq. (49) [24]. According to the 

relationship between the flow rate vector and the independent loop matrix, the flow 

rate vector can be represented by the flow rate vector of the tree branches and 

independent loop matrix, as Eq. (50). LPM can be obtained by substituting Eq. (50) 

into Eq. (46), and formulated as Eq. (51). 

  k kt krB B B   (47) 
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t

r

Q
Q

Q

 
  
 

  (48) 

 1
t kt kr rQ B B Q    (49) 

 
1

Tkt kr
r f r

r

B B
Q Q C Q

I

 
  
 

  (50) 

 1 1( ( ) ) ( ( ) ) ( ) ( )T T * T Tr
f f f p f f f f r f r

dQ
C diag K C C H C diag K C C diag S diag C Q C Q

dt
     (51) 

where ktB  is the incidence matrix of the tree branches, krB  is the incidence matrix 

of the cotree branches, tQ  (m3/h) is the flow rate vector of the tree branches, rQ  

(m3/h) is the flow rate vector of the cotree branches, rI  is the identity matrix.  

The fourth-order Runge-Kutta method is applied to solve Eq. (51) numerically. 

The form of Runge-Kutta method is written as Eqs. (52) ~ (57). The flow rate vector 

of the DH network can be calculated by Eq. (50).  

  1
1 2 3 42 2

6
n n
r r

t
Q Q     

       (52) 

 1 ( )n
rf Q    (53) 

 2 1( + )
2

n
r

t
f Q 

   (54) 

 3 2( + )
2

n
r

t
f Q 

   (55) 

 4 3( + )n
rf Q t     (56) 

 = ( )r
r

dQ
f Q

dt
  (57) 

The pressure drop vector of all the pipelines can be calculated by Eqs. (41), (45), (50) 

and (57), as Eq. (58). And the pressures of the pipeline endpoints can be calculated by 

Eq. (59):  

 ( ) ( ) ( ) ( )* T *
f r pH diag K C f Q diag S diag Q Q H      (58) 
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 1
0

*
ktH B H H      (59) 

where H  here is the column vector. The detailed hydraulic transient calculation 

procedures of the LPM are shown in Fig. 6. 

According to Eqs. (1), (2) and (41), the DPM and LPM can both degrade into 

Darcy friction resistance equation as Eq. (60) when steady hydraulic condition is 

reached, which indicates that the steady hydraulic characteristics derived by the DPM 

and LPM are the same. 

 *
j j j jH S Q Q    (60) 
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Fig. 6. Hydraulic transient calculation procedures of the LPM 
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3. Results and Discussion 

3.1. The DH network for case study 

The layout of a meshed DH network in Liaoning province is shown in Fig. 7, the 

red lines are cotree branches. There are 8 meshes, 3 heat sources, 72 substations and 

397 pipelines. The heat source 3 is specified as the referenced heat source, whose inlet 

pressure head is maintained at 300kPa. The parameters of the characteristic equations 

of the circulating pumps at the three heat sources are listed in Table 1. Other 

information of the DH network can be referred from [24]. The simulations are 

performed on a laptop of 64bit, 4-core, 1.6GHz CPU with 8G RAM, with the Matlab 

software. 

 

 
Fig. 7. Schematic of the meshed DH network layout 
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Table 1 Parameters of the pump characteristic equations 

Number of heat source 1c  2c  3c  

1 -5.4688×10-6 0.0119 128.00 

2 -6.0000×10-6 -0.0057 109.88 

3 -1.5625×10-6 0.0075 137.00 

 

3.2. Spatial and time step independence tests 

The simulation accuracy greatly depends on the spatial and time steps. With the 

increase of spatial and time steps, the computation time decreases, while the 

simulation accuracy becomes lower simultaneously. The purpose of the independence 

tests is to validate the convergence of the numerical solutions according to the 

decreases of the spatial and time steps, which illustrates the effectiveness of the 

proposed numerical methods [25]. 

3.2.1. Spatial and time step independence tests of the DPM 

For the DPM proposed in this paper, the characteristic line method is adopted for 

solving the PDEs numerically, and the following relationship between the spatial and 

time steps should be satisfied: 

 
x

a
t





  (61)  

The spatial and time steps are related by Eq. (61). The independence tests are 

conducted by analyzing the convergence of the numerical solutions at different scales 

of spatial and time steps. The following hydraulic transient process of the DH network 

is simulated using the DPM with 0 05st .  , 0 02st .  , 0 01st .  , 0 005s.t  : 

the valve opening of the substation 63 is adjusted from 100% to 50% linearly within 
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60s from the steady state (t=0s) with the pump frequency maintained at 50Hz. The 

transient flow rate and pressure variations of the substation 63 are shown in Figs. 8 

and 9. It is indicated that there are significant deviations between the curves of 

0 05st .   and the curves of other shorter time steps. The curves of 0 02st .  , 

0 01st .  ， 0 005st .   are amplified partially in Figs. 8-b and 9-b. As is shown, 

with the decrease of the scale of time steps, the convergence of the flow rate and 

pressure curves can be observed. The simulated transient flow rate and pressure 

curves of 0 01st .   and 0 005st .   are overlapped, which indicates that the 

simulation accuracy is satisfactory for 0 01st .  . The computation time of the DPM 

for simulating the 300-second real-world DH network hydraulic transients under 

different time steps is shown in Fig. 10. It is indicted that with the decrease of the 

time steps, the computation time grows exponentially. The computation time with 

0 005st .   is about 3 times longer than that with 0 01st .  , hence 0.01s is selected 

as the time steps of the DPM. 
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(a)                                             (b) 

Fig. 8. Transient flow rate variations of the substation 63 under different time steps of the DPM 

   
(a)                                             (b) 

Fig. 9 Transient pressure variations of the substation 63 inlet under different time steps of the DPM 

 
Fig. 10. Relationship between the computation time and time steps of the DPM 
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3.2.2. Time step independence tests of the LPM 

For the LPM, its numerical stability is significantly influenced by the time steps. 

The time step independence tests of the LPM is conducted by analyzing the 

convergence of the numerical solutions to the decreased time steps. The same 

hydraulic transient process of the DH network is simulated using the LPM with 

1st  , 0 5st .  , 0 2st .  , 0 1st .  , 0 05st .  . The simulation results are 

shown in Figs. 11 and 12. Figs. 11-a and 12-a shows the transient flow rate and 

pressure variations. Figs. 11-b and 12-b shows the amplified transient curves from 

Figs. 11-a and 12-a. The convergences of the transient flow rate and pressure 

solutions can be observed with the decrease of time steps. The computation time of 

the LPM for simulating the 300-second real-world DH network hydraulic transients 

under different time steps is shown in Fig. 13. It is indicated that the computation time 

with 0 1st .   is 52.5% shorter than that with 0 05st .  , hence 0.1s is selected as 

the time steps of the LPM. 
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(a)                                              (b) 

Fig. 11. Transient flow rate variations of substation 63 under different time steps of the LPM 

   
(a)                                             (b) 

Fig. 12. Transient pressure variations of the substation 63 inlet under different time steps of the LPM 

  
Fig. 13. Relationship between the computation time and time steps of the LPM 
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3.3. Hydraulic transient analysis of the DH network with the DPM and LPM 

3.3.1. Substation valve opening adjustment 

In this subsection, the following hydraulic transient process is simulated using 

the DPM and LPM: the valve opening of the substation 32 (circled in green in Fig. 7) 

is adjusted from 100% to 50% linearly within 60s from the steady state (t=0s) with the 

pump frequency maintained at 50Hz. As the valve opening decreases, the flow rate 

and pressure of substation 32 both undergo a hydraulic transient process from the 

steady states, and then reach new steady states, as shown in Fig. 14. The simulated 

flow rate and pressure variations obtained by the two numerical models are very close 

to each other. The new steady states of the two numerical solutions are also identified 

with each other. Local amplifications of the transient flow rate and pressure variations 

indicate that the high-frequency, small-amplitude hydraulic fluctuations can be 

captured by the DPM. But the LPM smooths these hydraulic fluctuations, due to its 

neglect of the pressure wave propagation along the pipelines and the elasticity of 

pipeline wall. Besides, it can be seen in Fig. 14-b and Fig. 14-c that the inlet pressure 

increases and the outlet pressure decreases, after the valve opening changes, mainly 

because: 1) the flow rate decreases, since the valve opening is reduced, causing the 

hydraulic gradient of the pipeline connected to the inlet of the substation 32 decreases, 

the inlet pressure of substation 32 increases; 2) as the valve opening is reduced, the 

local resistance of the valve increases, resulting in the decreasing of the outlet 

pressure of substation 32. As shown in the DPM, the amplitude of hydraulic 
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fluctuations of the outlet pressure at substation 32 are almost equal to that of the inlet 

pressure. 

   
(a) Flow rate of the substation 32                    (b) Inlet pressure of the substation 32 

 

(c) Outlet pressure of the substation 32 

Fig. 14. Transient flow rate and pressure variations of the substation 32 after the valve opening changes 
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pressures reach the new steady states slower. Besides, a pure delay of the flow rate 

and pressure variation can be observed from the numerical results by DPM for 

simulating the substation different from the location where the valve opening is 

adjusted. And the pure delay enlarges with the increase of pipeline distance. The pure 

delay approximately equals the quotient of the pipeline distance and the pressure 

wave velocity, which indicates that the influence of the valve opening adjustment on 

the hydraulic conditions propagates through the pipelines in the DH network at the 

speed of pressure wave. As the pipeline distance from the substation 32 increases, the 

pure delay gets larger, and the hydraulic transient processes illustrated by DPM and 

LPM are more different. Due to the omitting of the propagation and attenuation of 

pressure wave in LPM, there is no delay in the solutions of the LPM. The flow rates 

and pressures of these substations change immediately at the beginning of the 

adjustment, regardless of the pipeline distance from the substation 32. 

 

    

(a) Flow rate of the substation 34                    (b) Inlet pressure of the substation 34 
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(c) Flow rate of the substation 13                    (d) Inlet pressure of the substation 13 

    

(e) Flow rate of the substation 10                    (f) Inlet pressure of the substation 10 

   

(g) Flow rate of the substation7                    (h) Inlet pressure of the substation 7 
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(i) Flow rate of the substation 1                    (j) Inlet pressure of the substation 1 

Fig. 15. Transient flow rate and pressure variations of the substations after the valve opening changes 

 

Table 2 Pure delay of the substation flow rate and pressure 
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1 6209 6.1 
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hydraulic responses of the three heat sources by the DPM also have pure delays with 

respect to the adjusted substation. The pure delay of the flow rate and pressure 

responses of the referenced heat source, heat source 2 and 1 are 2.6s, 8.2s and 9.6s, 

respectively. The pure delay and the pipeline distance from substation 32 are 

positively correlated. As the distance between the heat source and substation 32 

increases, the hydraulic transients simulated by DPM are much different from those 

simulated by LPM, since the influence of pressure wave propagation on hydraulic 

transient characteristics becomes more significant. 

 

   
(a) Flow rate of the referenced heat source           (b) Outlet pressure of the referenced heat source 

   
(c) Flow rate of heat source 1                      (d) Outlet pressure of heat source 1 
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(e) Flow rate of heat source 2                      (f) Outlet pressure of heat source 2 

Fig. 16. Transient flow rate and pressure variations of three heat sources after the valve opening changes 
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fluctuations, with the decrease of the adjustment duration. As shown in Table 3, the 

transient time of the substation flow rates and pressures reaching the new steady states 

for the adjustment duration within 30s and 5s are generally 20.4% and 38.6% longer 

than that for the adjustment duration within 60s. 

 

   
(a) Flow rate of the substation 32                    (b) Partial magnification of Fig.17-a 

   
(c) Inlet pressure of the substation 32                 (d) Partial magnification of Fig.17-c 

 

Fig. 17. Transient flow rate and pressure variations of the substation 32 for the valve opening adjustment 

duration within 60s, 30s and 5s 
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60s 30s 5s 

34 102.9s 130s 155s 

13 110.6s 133.3s 167.3s 

10 129.9s 161.3s 179.1s 

7 147.1s 170.7s 191.7s 

1 159.2s 182.7s 195.7s 

 

When adjusting the substation valve opening, the flow rates and pressures 

fluctuate obviously at all the nodes of the pipelines. Due to the compressibility of the 

fluid and the elasticity of the pipeline wall, the fluid is compressed and the pipeline 

wall is expended because of the increased pressure of the pipeline. Therefore, the 

make-up water is required to ensure the constant pressure at the circulating pump inlet 

of the referenced heat source. Since the LPM neglects the compressibility of the fluid 

and the elasticity of the pipes, if the network doesn’t have any leakage points, the 

flow rate of the make-up water simulated by the LPM will always be zero. 

Nevertheless, the transient flow rates of the constant pressure replenishment system 

can be simulated by DPM. The simulations are conducted with three different 

adjustment durations, 60s, 30s and 5s, for the substation 32 valve opening adjustment. 

As shown in Fig. 18, the flow rates of the constant pressure make-up water are zero 

initially, and start to increase at 2.6s, which shows the pure delays to the adjustment of 

the substation 32 valve opening. The first peaks of the flow rate fluctuations all occur 

at the 2.6s after the end of the adjustments for the three cases, and the peak values are 

9.6 m3/h, 16.1 m3/h and 27.7 m3/h, respectively, for the adjustment durations of 60s, 

30s and 5s. For the adjustment duration of 5s, a second peak of the flow rate 
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fluctuations occurs at 16.5s after the first peak, and the amplitude of the second peak 

is 45.8% lower than that of the first peak.  The flow rates decrease gradually after the 

peaks, then returns to zero in 80s, 81.7s and 87.5s after the end of the adjustment, for 

the adjustment durations of 60s, 30s and 5s, respectively. 

 
Fig. 18. Transient flow rate variations of the make-up water for the valve opening adjustment duration 

within 60s, 30s and 5s 

 

3.3.2. Heat source circulating pump frequency adjustment 

In this subsection, the hydraulic transients introduced by the heat source 

circulating pump frequency adjustment are analyzed. The following hydraulic 

transient processes of the DH network are simulated: the pump frequency of the 

referenced heat source is adjusted from 50Hz to 25Hz linearly in 60s from the steady 

state (t=0s) with all substation valve openings maintained at 100%. As shown in Fig. 
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1.5%. The pressures of heat source 1 and 2 changes greatly compared with the flow 

rate, which drops by 31.3% and 36.4%. The flow rate and pressure of the referenced 

heat source, heat source 1 and 2 reach the new steady states in 160s, 260s and 250s 

after the end of adjustment, which are much longer than those for adjusting valve 

opening. When adjusting pump frequency, the frequency and amplitude of hydraulic 

fluctuations from 60s to the new steady state simulated by DPM are higher than that 

for adjusting valve opening, the maximum fluctuation ranges of the referenced heat 

source are within 180 m3/h and 50kPa for the flow rate and pressure, respectively. As 

simulated by DPM, the flow rate and pressure variations of the heat source 1 and 2 

both have pure delays. In addition, the hydraulic transient processes illustrated by 

DPM and LPM are slightly different after 0s, the pure delay and hydraulic transients 

induced by the propagation of the pressure waves are more obvious, especially for the 

heat source 1, which is further from the referenced heat source. 

   
(a) Flow rate of the referenced heat source      (b) Outlet pressure of the referenced heat source 
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(c) Flow rate of heat source 1                    (d) Outlet pressure of heat source 1 

   

(e) Flow rate of heat source 2                    (f) Outlet pressure of heat source 2 

Fig. 19. Transient flow rate and pressure variations of three heat sources after the pump frequency changes 
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than those for adjusting valve openings. With the increase of the pipeline distances 

between the referenced heat source and these substations, the transient time for the 

substation flow rates and pressures reaching the new steady states vary from 150s to 

220s. The pure delay of the substation flow rate and pressure response to the pump 

frequency adjustment can be observed from the numerical results by DPM. Due to the 

pure delay, the deviations between the curves of hydraulic transient processes 

illustrated by DPM and LPM enlarge with the increase of the pipeline distance from 

the referenced heat source. When adjusting the pump frequency, the differences 

between the simulation results of the transient flow rates and pressures obtained by 

DPM and LPM become more obvious than those for adjusting the substation valve 

openings. 

   
(a) Flow rate of the substation 34                     (b) Inlet pressure of the substation 34 
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(c) Flow rate of the substation 13                     (d) Inlet pressure of the substation 13 

   
(e) Flow rate of the substation 10                   (f) Inlet pressure of the substation 10 

   

    (g) Flow rate of the substation 7                       (h) Inlet pressure of the substation 7
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(i) Flow rate of the substation 1                     (j) Inlet pressure of the substation 1 

Fig. 20. Transient flow rate and pressure variations of the substations after the pump frequency changes 
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from the end of adjustment to the new steady state observed by the DPM become 
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within 30s. As shown in Table 4, the transient time for substation flow rate and 

pressure reaching the new steady states for the adjustment duration within 30s is 20.8% 

and 36.1% longer than that for the adjustment duration within 60s and 120s. It is 

indicated that the transient time for flow rate and pressure reaching the new steady 

states is generally longer than that for adjusting valve openings. 
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(a) Flow rate of the referenced heat source           (b) Outlet pressure of the referenced heat source 

Fig. 21. Transient flow rate and pressure variations of the referenced heat source under the pump frequency 

adjustment duration within 120s, 60s and 30s 

 

Table 4 Transient time for the substation flow rates and pressures reaching new steady states under the pump 
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1 198.6s 218.1s 265.7s 
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adjustment for the adjustment duration within 120s, 60s and 30s. The flow rate 

gradually decreases after the last peak, then returns to zero at 206.1s, 212s and 259.9s 

after the end of the adjustment. It is indicated that as the adjustment duration 

decreases, the transient time for flow rates reaching the new steady states increases, 

and the transient time is generally much longer than that for adjusting the valve 

opening. 

 

 
Fig. 22. Transient flow rate variations of the make-up water for the pump frequency adjustment duration 

within 120s, 60s and 30s 
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boundary conditions of the DPM are not easy to be vectorized, hence the simulation is 

done node by node of each pipeline, and then time step by time step. As the 

simulation proceeds, large amounts of data need to be recorded, the memory footprint 

becomes larger, which causes the simulation of DPM to be significantly slower than 

the real-world DH network hydraulic transient process. However, if the data of inlet 

and outlet pressure and flow rate of each pipeline, just like the data recorded by LPM, 

is recorded at every time step in DPM, the computation time of DPM can be reduced 

by 78.8% compared with that for recording all the data. In fact, the hydraulic 

transients of the substations and heat sources are more concerned. If the data of 

substations and heat sources is recorded, the computation time of DPM can be 

reduced by 85.1% compared with that for recording all the data. 

 

Table 5 Computation time of the DPM and LPM in different conditions 

Model 

DPM LPM 

Record all the 

data 

Record the data of inlet and 

outlet pressure and flow rate 

of each pipeline 

Record the data of 

substations and 

heat sources 

Record all the data 

Amount of 

data 

recorded 

60001×24024 60001×1192 60001×226 6001×1192 

Computation 

time (s) 
852.6 181.2 127.1 158 

4. Conclusions 

In this paper, the DPM and LPM of DH network were established, the numerical 

methods were introduced. The DPM and LPM were both applied to a meshed DH 

network with multiple heat sources for simulation analysis of hydraulic transients, the 
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comparison between the simulation performances of the two models was conducted. 

The main conclusions were summarized as follows:  

(1) The DPM and LPM can both be applied to analyze the unsteady hydraulic 

response. As the pipeline distances from adjustment location, the transient time for the 

flow rate and pressure reaching the new steady states gets longer. As the adjustment 

duration decreases, the transient time for flow rate and pressure reaching the new 

steady states increases. When adjusting the pump frequency, the transient time for 

flow rate and pressure reaching the new steady states is much longer than that for 

adjusting the substation valve opening. 

(2) The high-frequency hydraulic transient characteristics can be captured by 

DPM subtly. With the decrease of adjustment duration, more severe high-frequency 

hydraulic transients will occur. When adjusting pump frequency, the high-frequency 

hydraulic transient characteristics became more obvious than that for adjusting the 

valve opening. However, only the average hydraulic fluctuations can be described by 

LPM. 

(3) The pure delay for the flow rate and pressure response to the adjustment can 

be observed by DPM. As the pipeline distances from the adjustment location increase, 

the pure delays increase accordingly, which indicates that the influence of the 

adjustment on the hydraulic conditions propagates through the pipelines in the DH 

network at the speed of pressure wave. 

(4) It is indicated by the simulation results of the DPM that as the adjustment 
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duration decreases, the flow rate of the constant pressure make-up water increases. 

When adjusting pump frequency, the peak flow rates of the make-up water are greatly 

higher than those for adjusting valve opening, and the transient time for the flow rates 

reaching the new steady state gets longer. 

(5) The computation time of LPM is shorter than DPM because of the 

vectorizable calculation procedure and the less data to record due to the neglect of 

the pressure wave propagation and the compressibility of the fluid in LPM. If the 

data of inlet and outlet pressure and flow rate of each pipeline is recorded, the 

computation time of DPM can be reduced by 78.8% compared with that for 

recording all the data. 

(6) In the further study, the DPM can be applied to the water hammer protection 

and the rapid leakage detection of the large-scale district heating networks based on 

its accurate simulation of hydraulic transient characteristics including the propagation 

of pressure wave and high-frequency hydraulic fluctuations. 
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DPM and LPM of DH network for hydraulic transient modeling are established.

Efficient numerical algorithms were presented for the two models.

Transient time for the flow rate and pressure is analyzed by the two models.

Flow rate variation of the constant pressure make-up water is simulated by DPM.

High-frequency  hydraulic  transient  characteristics  can  be  captured  by  DPM

subtly.
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