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ABSTRACT
This study develops a physics-based model to assess the
performance of a hydronic steam radiator heating system
and steam consumption in a historic campus building
located in Chicago, IL. The physics-based model
considered all components of the radiator heating system
in the building, including distribution pipes, radiators,
district steam, valves and fittings and applied mass and
energy balance equations to (i) investigate the variation
of pressure and temperature in the steam distribution
network (SDN) and (ii) determine the steam mass flow
rate at the building level according to the zone-level
steam velocity. The model was calibrated with the
amount of measured pressure and temperature at the
building level. Model results provide insight into the
likely behavior of the steam distribution system under
different conditions. For example, changing the steam
velocity at the zone-level from 10 m/s to 30 m/s results
in a 7-fold increase in the pressure drop between the
furthest node of the SDN and the building level.
Moreover, the estimated temperature loss between the
first node and the furthest node of the SDN (node 22) is
14.5 °C. The model approach enables detailed energy
audits for informing energy efficiency measures for
steam distribution systems.

INTRODUCTION
Applications of district heating systems in the U.S.
originate back to as early as the 18th century. Nowadays
a significant number of institutions in the U.S. benefit
from district heating and cooling systems [1]. District
heating systems, including steam and high temperature
hot water systems, are among the main heating
distribution systems for campuses. Hot water
temperature systems have various advantages over steam
distribution systems since they operate at lower
temperature. Additional advantages include flexibility of
piping distribution systems, lower maintenance costs,
better safety, and better temperature control [2]. Thus,
there are interests to replace steam district heating
systems with hot water systems [3]. Overall, these

systems usually operate using fossil fuels in the U.S.,
which contributes to greenhouse gas (GHG) emissions.
Consequently, an accurate understanding and prediction
of energy consumption are important to assess potential
saving measures and develop effective energy
management strategies.
Since the main parts of a steam district heating system
are boilers and distribution systems, it is crucial to apply
different energy efficiency measures (EEMs). The
measures related to boilers include process control,
excess air, insulation, flue gas quantities, heat recovering
and boiler maintenance. Measures related to distribution
system is comprised of insulation, steam traps, leaks and
recovering. Currently, based on prior experience in
campus energy efficiency management, these measures,
as well as utility incentives for these measures, are
commonly installed in an ad hoc approach. To bridge this
knowledge gap, this study aims to provide a modeling
approach that can evaluate impacts of different EEMs
related to district heating systems [4].
To emphasize the importance of hydronic systems, this
study utilizes the Commercial Building Energy
Consumption Survey (CBECS) dataset to investigate
two main heating systems including boiler inside the
building (BLR) and district steam or hot water (DH) [5].
BLR and DH are classified in hydronic system category
and each of them categorized into seven different
systems. Since this study focuses on analyzing the
heating systems connected to radiators, two selected
CBECS categories are (1) boiler system connected to
radiator (BLRRAD) and and (2) district hot water/steam
connected to radiator (DHRAD). To compare the
radiator distributions, five other systems are considered
in addition to BLRRAD and DHRAD. It should be
mentioned the CBECS data showed buildings used a
combination of hydronic systems. Figure 1 and Figure 2
investigate the distribution of various types of the boiler
system and district heat system before 1990 in different
census of the U.S., respectively. As Figure 1 and Figure
2 show, about 65% of buildings located in the
Northeast, East North Central, West North Central
and North West are built before 1990 and use BLRRAD
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and DHRAD systems.
There are various studies on the use of radiator systems
in district heating systems in commercial and residential
buildings. One study created the simulation model for
the whole building including detailed dynamic
components of the heating system to quantify the
distribution and emission losses of a radiator heating
system [6]. The results show that thermostats using a
Proportional Integral (PI) controller play an important
role for distribution losses with low temperature heating
curves and emission losses. Control losses created by
proportional thermostats are between 2% and 6%. A
recent study provides statistics on the radiator
temperature located in Gothenburg’s for 109 rooms and
quantified the supply and return temperatures for
different design outdoor temperatures [7]. Another study
developed a physics-based model to analyze heat drop
and exergy loss of a steam power plant and all its
equipment. The results demonstrated that condenser
dissipates about 69.8% of the total dissipated energy,
which is considered as the significant part of lost energy
in the cycle [8]. However, the physics-based studies do
not provide opportunities to learn from the historical data
to easily predict future conditions. However, none of
these studies have looked at detailed impacts of various
parameters in a district heating system. This study aims
to develop a physics-based model that considers both the
zone level details (i.e., uncertainties introduced by
occupants) and the building level details to monitor the
variation of temperature and pressure at different nodes
of the SDN.

METHODS
This study develops a physics-based model based on
mass and energy conversation equations to calculate
mass flow rate, velocity, pressure, temperature and
specific volume at different nodes of the SDN. Energy
Equation Solver (EES) is applied for performing analysis
[9]. The SDN includes pipes, steam risers, district steam,
gate valves, T-branches, elbows, and contraction joints
at the south and east side of the building. The model
starts from the basement (after the building’s main
pressure reduced valve (PRV)) and terminate at the
radiator’s inlet. The exact location of the steam risers and
fittings, pipe length and diameter are determined from
the mechanical drawings of the building. There are 10
steam risers at the south and east sides, and they are
connected to two radiators each. Figure 3 shows the
schematic of the SDN on the south and east sides of the
building. The characteristics of the SDN are presented in
Table 1.
The high-pressure steam after passing through the PRV
valve at the basement enters to the SDN at 48.25 kPa and

115 °C. The pressure gage and temperature sensor at the
basement are shown in Figure 4.
Table 1. Length of pipe sections in the SDN

Pipe section
1-2-3-4
1-2-5-6
1-2-7-8
1-2-9-10
1-2-11-12
1-2-13-14
1-2-15-16
1-2-17-18
1-2-19-20
1-2-21-22

Length (m)
25
17
19
27
34
41
48
56
66
79

Six steps conducted in this study for the modeling steps
and the set of equations are as follow:
•
•
•
•
•
•

Step 1: Assign velocity at the end of the steam
risers based on volumetric flow rates.
Step 2: Determine steam specific volume
according to pressure and temperature at
different nodes.
Step 3: Determine the temperature at different
nodes of steam distribution network.
Step 4: Determine the pressure at different
nodes of steam distribution network.
Step 5: Assign the initial value for the pressure
at the end of steam riser.
Step 6: Validate the model with measured data.

Step 1: Steam velocity at the zone-level is a key input
for the physics-base analysis since it indicates the
volumetric flow rate (𝑄𝑄̇𝑖𝑖 ) at the inlet of radiators. This
study considers 10 m/s and 30 m/s as a steam velocity at
the end of steam risers [10].
Step 2: Specific volume of steam at each node is an
important feature in determining the mass flow rate.
Specifc volume is a thermodynamic peroperty which is
a function of temperature and pressure as shown in
Equation (1).
𝑣𝑣𝑖𝑖 = 𝑓𝑓(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, Ti , Pi )

(1)

𝑇𝑇𝑖𝑖−1 = 𝑇𝑇𝑖𝑖 (1 + 𝛼𝛼)

(2)

Step 3: Temperature at different nodes of the SDN is
needed due to the heat losses through the pipes and
fittings. In order to consider the effect of heat losses and
monitor the temperature changes throughout the SDN,
Equation (2) is used.

where Ti demonstrates temperature at node i, and 𝑇𝑇𝑖𝑖−1 is
the temperaturte at node i located upstream. α is a varible
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whose value depends on temperature boundary
conditions, length of the pipe, and location of nodes in
the distribution network. Temperature sensor at node 22
(Figure 3) shows a temperature reading of 101 ℃. 𝛼𝛼
parameter is defined between 0 and 0.01 (0 ≤ α ≤ 0.01)
according to the temperature at node 1 and 22 and length
of the pipe sections given in Table 1. 𝛼𝛼 is considered as
0.01 for all the steam risers, and for the nodes located at
the inlet and outlet of each fitting, including 90° bend or
T- branches, the temperature differences are assumed to
be zero (α=0). The unit of temperature in Equation (2) is
degree Fahrenheit. The set of equations which is applied
for determining the temperature at different nodes is as
follows:
𝑇𝑇𝑗𝑗 = 𝑇𝑇22 + ∆𝑇𝑇22−𝑗𝑗 = 𝑇𝑇20 + ∆𝑇𝑇20−𝑗𝑗
𝑇𝑇ℎ = 𝑇𝑇𝑗𝑗 + ∆𝑇𝑇𝑗𝑗−ℎ = 𝑇𝑇18 + ∆𝑇𝑇18−ℎ
𝑇𝑇𝑔𝑔 = 𝑇𝑇ℎ + ∆𝑇𝑇ℎ−𝑔𝑔 = 𝑇𝑇16 + ∆𝑇𝑇16−𝑔𝑔
𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑔𝑔 + ∆𝑇𝑇𝑔𝑔−𝑓𝑓 = 𝑇𝑇14 + ∆𝑇𝑇14−𝑓𝑓
𝑇𝑇𝑒𝑒 = 𝑇𝑇𝑓𝑓 + ∆𝑇𝑇𝑓𝑓−𝑒𝑒 = 𝑇𝑇12 + ∆𝑇𝑇12−𝑒𝑒
𝑇𝑇𝑑𝑑 = 𝑇𝑇𝑒𝑒 + ∆𝑇𝑇𝑒𝑒−𝑑𝑑 = 𝑇𝑇10 + ∆𝑇𝑇10−𝑑𝑑
𝑇𝑇𝑐𝑐 = 𝑇𝑇𝑑𝑑 + ∆𝑇𝑇𝑑𝑑−𝑐𝑐 = 𝑇𝑇8 + ∆𝑇𝑇8−𝑐𝑐
𝑇𝑇𝑏𝑏 = 𝑇𝑇𝑐𝑐 + ∆𝑇𝑇𝑐𝑐−𝑏𝑏 = 𝑇𝑇6 + ∆𝑇𝑇6−𝑏𝑏
𝑇𝑇𝑎𝑎 = 𝑇𝑇𝑏𝑏 + ∆𝑇𝑇𝑏𝑏−𝑎𝑎 = 𝑇𝑇4 + ∆𝑇𝑇4−𝑎𝑎
𝑇𝑇1 = 𝑇𝑇𝑎𝑎 + ∆𝑇𝑇𝑎𝑎−1

(3)

Step 4: Pressure is another important factor for
determining the steam mass flow rate. In order to
determine the pressure at each node of the SDN, similar
to the temperature calclulation, start from the end of the
steam risers and back to the beginning of steam risers,
main pipe and finally node 1 is applied for pressure with
this difference that initial pressure (𝑃𝑃𝑖𝑖 ) is assigned for
(i=4, 6, 8, 10, 12, 14, 16, 18, 20 and 22). Since the
pressure at node 1 is 48.25 kPa (𝑃𝑃1 = 48.25 𝑘𝑘𝑘𝑘𝑘𝑘), and
pressure at node 22 become 34.5 kPa (by moving from
node 1 to node 22 and velocity of 30 m/s), the assigned
values for the pressure at each node is considered to be
between 34.5 kPa and 48 kPa. For this purpose, a
parametric table is used to change the pressure at every
selected node (i.e., 4, 6, 8, 10, 12, 14, 16, 18, 20, 22) 0.5
kPa as shown in Equation (4).
1 ≤ 𝑘𝑘 ≤ 28

where Pi demonstrates the pressure at node i and Pi−1 is
the pressure of node located upstream. ∆Pi,i−1 is
calculated based on the Darcy–Welsbach equation as
follows:
∆Pi,i−1 = 𝐾𝐾𝑖𝑖

𝑉𝑉𝑖𝑖2

(6)

2𝑔𝑔

where 𝐾𝐾𝑖𝑖 and 𝑉𝑉𝑖𝑖 represent the resistance coefficient and
velocity at node i, respectively. 𝐾𝐾𝑖𝑖 depends on the type of
fitting. In this model, 𝐾𝐾90° 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 , 𝐾𝐾𝑇𝑇−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ , 𝐾𝐾𝑇𝑇−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡 ,
𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 , 𝐾𝐾𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 , and 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are applied based on
the mechanical drawings of the building. The pressure
loss through the gate valve is highly dependent on
fraction opening (FO) of the gate valve (0 ≤ 𝐹𝐹𝐹𝐹 ≤ 1)
[11]. The velocity at each node is determined by
Equation (7):
(7)

Vi = 𝑣𝑣𝑖𝑖 ṁ i /Ai

Mass flow rate (ṁ i ) is determined by Equation (8) for
the nodes located at the radiator inlet

By using Equation set (3), temperatures at nodes 2, 4, 6,
8, 10, 12, 14, 16, 18, 20 and 22 are determined. Figure 5
depicts the temperature at different nodes of the SDN.

𝑃𝑃𝑘𝑘+1,𝑖𝑖 − 𝑃𝑃𝑘𝑘,𝑖𝑖 = 0.5

(5)

Pi−1 = Pi + ∆Pi,i−1

(4)

where k represents the row number in the parametric
table and i represents the node number at SDN.
According to the assigned values for the pressure at node
i (i=4, 6, 8, 10, 12, 14, 16, 18, 20 and 22) the pressure at
other nodes are determined by Equation (5).

ṁ i =

𝑉𝑉𝑖𝑖 Ai
𝑣𝑣𝑖𝑖

(i = 4, 6, 8, 10, 12, 14, 16, 18, 20, 22)

(8)

where 𝑣𝑣𝑖𝑖 is derived by an iterative process using
Equation (1). Also, Vi for (i=4, 6, 8, 10, 12, 14, 16, 18,
20 and 22) is determined by step 1. For the ones located
in the main pipe, mass balance equation is applied as
Equation (11) shows:
𝑚𝑚̇𝑗𝑗 = 𝑚𝑚̇19 + 𝑚𝑚̇21
𝑚𝑚̇𝑔𝑔 = 𝑚𝑚̇ℎ + 𝑚𝑚̇15
𝑚𝑚̇𝑒𝑒 = 𝑚𝑚̇𝑓𝑓 + 𝑚𝑚̇11
𝑚𝑚̇𝑐𝑐 = 𝑚𝑚̇𝑑𝑑 + 𝑚𝑚̇7
𝑚𝑚̇𝑎𝑎 = 𝑚𝑚̇𝑏𝑏 + 𝑚𝑚̇4

𝑚𝑚̇ℎ = 𝑚𝑚̇𝑗𝑗 + 𝑚𝑚̇17
𝑚𝑚̇𝑓𝑓 = 𝑚𝑚̇𝑔𝑔 + 𝑚𝑚̇13
𝑚𝑚̇𝑑𝑑 = 𝑚𝑚̇𝑒𝑒 + 𝑚𝑚̇9
𝑚𝑚̇𝑏𝑏 = 𝑚𝑚̇𝑐𝑐 + 𝑚𝑚̇5

(9)

where 𝑚𝑚̇𝑎𝑎 indicates the steam mass flow rate at the south
side of the building.

Step 5: In this part, an initial guess for the pressure at the
furthest node of the SDN (𝑃𝑃22 ) is selected from the
Equation 4. Pressure at node 20 is calculated according
to the initial guess for 𝑃𝑃22 and Equation 10.
𝑃𝑃𝑗𝑗 = 𝑃𝑃22 + ∆𝑃𝑃22−𝑗𝑗 = 𝑃𝑃20 + ∆𝑃𝑃20−𝑗𝑗

(10)

since the 𝑃𝑃20 is updated, 𝑣𝑣20 , mass flow rate at steam
riser 9 and consequently velocity and mass flow rate at
node j are updated as well as 𝑃𝑃ℎ . The same approach is
implemented for the upstream nodes and steam risers as
Equation (11) to identify the exact value for the pressure.
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𝑃𝑃ℎ = 𝑃𝑃𝑗𝑗 + ∆𝑃𝑃𝑗𝑗−ℎ = 𝑃𝑃18 + ∆𝑃𝑃18−ℎ
𝑃𝑃𝑔𝑔 = 𝑃𝑃ℎ + ∆𝑃𝑃ℎ−𝑔𝑔 = 𝑃𝑃16 + ∆𝑃𝑃16−𝑔𝑔
𝑃𝑃𝑓𝑓 = 𝑃𝑃𝑔𝑔 + ∆𝑃𝑃𝑔𝑔−𝑓𝑓 = 𝑃𝑃14 + ∆𝑃𝑃14−𝑓𝑓
𝑃𝑃𝑒𝑒 = 𝑃𝑃𝑓𝑓 + ∆𝑃𝑃𝑓𝑓−𝑒𝑒 = 𝑃𝑃12 + ∆𝑃𝑃12−𝑒𝑒
𝑃𝑃𝑑𝑑 = 𝑃𝑃𝑒𝑒 + ∆𝑃𝑃𝑒𝑒−𝑑𝑑 = 𝑃𝑃10 + ∆𝑃𝑃10−𝑑𝑑
𝑃𝑃𝑐𝑐 = 𝑃𝑃𝑑𝑑 + ∆𝑃𝑃𝑑𝑑−𝑐𝑐 = 𝑃𝑃8 + ∆𝑃𝑃8−𝑐𝑐
𝑃𝑃𝑏𝑏 = 𝑃𝑃𝑐𝑐 + ∆𝑃𝑃𝑐𝑐−𝑏𝑏 = 𝑃𝑃6 + ∆𝑃𝑃6−𝑏𝑏
𝑃𝑃𝑎𝑎 = 𝑃𝑃𝑏𝑏 + ∆𝑃𝑃𝑏𝑏−𝑎𝑎 = 𝑃𝑃4 + ∆𝑃𝑃4−𝑎𝑎

(11)

Table 2. Pressure value (kPa) at different nodes of the
SDN applying 2 scenarios for V=10 m/s

Step 6: In the last step, the calibration process for the
created model is applied. The pressure at node 1 is
determined by Equation (12) using the initial guess value
for the pressure at node 22 (𝑃𝑃22 ) and is compared with
the measured pressure (𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ) using an existing
sensor network in the building [12].
𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑎𝑎 + ∆𝑃𝑃𝑎𝑎−1

rate at velocity of 10 m/s and 30 m/s are 0.017 kg/s and
0.051 kg/s, respectively. It means that the steam velocity
plays an important role in determining the steam mass
flow rate.

(12)

The pressure at node 1 from the measurement is 48.25
kPa. If the differences between 𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and
𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are not negligible (i.e., more that 2%
difference), the initial guess (𝑃𝑃22 ) should be changed in
order to get a minimum difference between them.

RESULTS

In the following, based on the presented method for
determining pressure, the pressure at different nodes of
the SDN is calculated at velocities 10 m/s and 30 m/s and
with a fraction opening of the gate valves of 0.5 and 1.
𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is 48.25 kPa for four different scenarios. By
selecting initial guess for 𝑃𝑃22 and using Equations (10)
and (11), 𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is calculated from Equation (12). As
shown in Table 2 and Table 3, the calculated 𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(node 1) is close to the 𝑃𝑃1−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , which means that
the model performs well according to this criterion.
Table 2 and Table 3 present the pressure at different
nodes of the SDN and demonstrate that velocity is one of
the important factors for pressure head losses through the
network. At an assumed velocity of 30 m/s, the steam
pressure at the furthest node (node 22) from the PRV
(node 1) is 6 kPa lower than the pressure at the same
node at an assumed velocity of 10 m/s. Also, FO of the
gate valves is one of the significant parameters at higher
velocities. The pressure differences at the same node at
higher velocities is much greater than those at lower
velocities. At a velocity 30 m/s, the pressure difference
at the same node in fully opened valve position is about
1 to 1.5 kPa is greater than half opened, while at velocity
10 m/s, the pressure differences are negligible.
For better understanding, Figure 6 shows the results in
bar graphs. In the last step, the calculated values for
temperature and pressure at different nodes of the SDN
and Equations 4 to 14 are used to calculate the steam
mass flow rate at the building level. Steam mass flow

Node

FO = 0.5

FO = 1

Node

FO = 0.5

FO = 1

1

48.33

48.30

4

48.11

48.20

6

47.85

48.00

a

48.26

48.30

8

47.82

47.97

j

47.46

47.60

10

47.70

47.86

h

47.67

47.80

12

47.64

47.78

g

47.70

47.90

14

47.61

47.78

f

47.73

47.90

16

47.55

47.72

e

47.77

47.90

18

47.54

47.70

d

47.84

48.00

20

47.31

47.47

c

47.94

48.10

22

47.23

47.38

b

47.97

48.10

Table 3. Pressure value (kPa) at different nodes of the
SDN applying 2 scenarios for V=30 m/s
Node

FO = 0.5

FO = 1

Node

FO = 0.5

FO = 1

1

48.81

48.66

4

47.26

47.40

6

44.92

46.25

a

48.58

48.40

8

44.74

46.06

j

42.23

43.50

10

44.02

45.33

h

43.78

45.10

12

43.51

44.78

g

43.97

45.30

14

43.16

44.45

f

44.16

45.50

16

42.98

44.26

e

44.50

45.80

18

42.82

44.06

d

45.03

46.40

20

41.18

42.40

c

45.77

47.10

22

40.61

41.81

b

45.95

47.30

CONCLUSION
This study presents a new integrated zone-to-building
level modeling approach to assess the operation of a
steam distribution system in a historic campus building
located in Chicago, IL. The model develops a
relationship between the zone-level steam velocity and
steam mass flow rate at the building level using mass and
energy balance equations. The model utilizes different
steam velocities at the inlet of the radiators to investigate
the variation of pressure and temperature at different
nodes of a steam distribution network (SDN).
Ultimately, this study calculates the steam mass flow rate
at the building level.
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The derived temperature at different nodes of SDN
demonstrates that due to heat losses through the network,
the maximum temperature difference between node 1
and the furthest node of the SDN (node 22) is about 14.5
°C. Results showed that by changing the zone-level
steam velocity from 10 m/s to 30 m/s, the steam
consumption at the building level becomes three times
higher, while the pressure at the furthest node of the SDN
changes from 47.4 kPa to 41.8 kPa (i.e., the pressure
drop between the furthest node of SDN and building
level becomes 7 times higher) when considering a
constant pressure at the SDN inlet. In order to calibrate
the model, derived pressure at the inlet of SDN from
physics-based model was compared with measured data
and finally the model was calibrated in a good agreement
(i.e., 98% accuracy) between measured and physicsbased model results. This new modeling approach has
implications for (i) large numbers of buildings based on
the conducted CBECS analyses (i.e., about 65% of
buildings located in Northeast, East North Central, West
North Central and North West are built before 1990 use
radiator systems) and (ii) building energy simulations
where the uncertainties introduced by occupants is
considered as an important factor.
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NOMENCLATURE
Variable
A
FO
g
K
𝑚𝑚̇
P
𝑄𝑄̇
𝜈𝜈
𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉
t
T

Description
Cross-section area (𝑚𝑚2 )
Fraction Opening
Gravitational acceleration (𝑚𝑚/𝑠𝑠 2 )
Resistance Coefficient
Mass flow rate (𝑘𝑘𝑘𝑘⁄𝑠𝑠)
Pressure (kPa)
Volumetric flow rate (𝑚𝑚3 ⁄𝑠𝑠)
Specific volume (𝑚𝑚3 ⁄𝑘𝑘𝑘𝑘)
Volume (𝑚𝑚3 )
Velocity (m/s)
Time (s)
Temperature (℃)
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Figure 1. Percentage of pre-1990 buildings with boiler system types vs census division

Figure 2. Percentage of pre-1980 buildings with district heating system types vs census division

Figure 3. Schematic of the SDN at the south and east side of the building
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(a)

Figure 4. Temperature sensor and (b) Pressure gage installed after PRV

(b)
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Figure 5 Temperature values at different nodes of the SDN
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(a)

(b)

Figure 6. Steam pressure for different nodes at (a)V=30 m/s, FO=0.5 and FO=1 and (b) V=10 m/s, FO=0.5 and
FO=1
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