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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract9

The study presents thermophoretic deposition characteristics of particles in duct air flow. The v2-f turbulence10
model and discrete particle model were used to simulate particle-air flow. After numerical validation, particle11
thermophoretic deposition with different temperature gradient and particle diameters were investigated and analyzed.12
It was found that thermophoretic force has obvious effect on deposition velocity for small particles ( 10pd m ),13
while almost no effect for large particles ( 10pd m ). Thermophoresis effect is obviously enhanced when14
temperature gradient increases. Besides, thermophoretic deposition is mainly caused by the dramatic temperature15
difference in temperature boundary layer.16
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1. Introduction22

Thermophoretic deposition of particulate matter (PM) in turbulent flow fields is widely encountered in energy23
engineering, such as pulverized coal burner, heat exchanger and gas-solid reactor [1-2]. Understanding of24
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thermophoresis of particles in turbulent flow is crucial for improving the efficiency and lifetime of many related25
devices. Thus more attention needs to be paid on thermophoretic deposition behaviors and mechanisms in turbulent26
flow fields.27

Particle deposition in duct flow has attracted many studies including theoretical, experimental and numerical28
methods [3-4]. Particle deposition in duct flow can be divided into different regimes [5]. Brownian diffusion and29
flow vortex are main mechanisms for small particles. However, deposition motions are determined by flow vortex30
and particle inertia with increase of particle diameter. Finally, particle inertia is the dominated factor for particle31
deposition of large particles. Moreover, Lai et al [6] and Zhao et al. [7] developed a theoretical model to estimate32
deposition velocity by considering Fick diffusion, turbulent diffusion, gravitational settling, Brownian diffusion and33
turbophoresis. Furthermore, Tian and Ahmadi [8] established a solid CFD method to simulate particle deposition in34
duct air flow.35

Effects of gravitational and Saffman’s lift forces on particle deposition characteristics had been investigated by36
researchers, such as Jiang et al. [9]. However, thermophoretic deposition of particles has been seldom investigated.37
Thus the present study aims to examine particle thermophoresis in duct flow with different particle diameters and38
temperature differences.39

2. Numerical Models40

The governing equations for air flow are written by,41
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where iu is air velocity and p is pressure. The v2-f turbulence model was used in the study. Moreover, discrete44
particle model (DPM) was used to predict deposition process by tracking particle trajectories. The governing45
equation of particle deposition can be described by,46
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In the Eq.(4), Kn is the Knudsen number. K is the thermal conductivity ratio of fluid and particle. T is local49
fluid temperature. It was assumed that particle will deposit on the duct wall if they touch the wall surface. The50
rebound and resuspension of particles were not considered in the study.51

Finite volume method was adopted to resolve the Navier-Stokes equations. The particle motion equation was52
resolved by the Runge-Kutta method. No-slip boundary was applied on the duct walls. The symmetry condition was53
adopted at the upper boundary.54

4. Computational Cases55

Schematic of particle deposition in turbulent duct flow was shown in Fig.1. The duct size is 0.5 m ×0.01m. Hot56
air flows from the inlet. The lower wall is cooled wall and the temperature is 300K, as shown in the Fig.1.57
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58

Fig. 1. Schematic of particle deposition in turbulent channel flow with thermophoresis59

Air velocity is 5m/s. Air dynamic viscosity  is 1.789×10-5 kg s/m. 15,000 spherical particles were released from60
the duct inlet. The particle density is 2800 kg/m3 and particle sizes are from 1 to 50 µm. The first mesh spacing was61
0.05mm and increasing factor of mesh spacing was 1.1. The total grid numbers are 40,000 in the simulation.62

3. Results and Discussions63

3.1. Numerical validation64

Turbulent mean flow velocity profile in the duct was validated with DNS data [10], as shown in Fig. 2. Present65
air flow velocity profile agrees well with the literature results. This indicated that the present turbulence model can66
resolve air flow fields accurately. Besides, deposition velocity profile in turbulent flow was obtained and compared67
with previous experimental and numerical results, as shown in Fig. 3. Particle deposition velocity significantly68
increases and then keeps constant when particle relaxation time increases. Present deposition velocities agree well69
with related literature results [11-16]. Therefore, the present Eulerian-Lagrangian method could accurately model70
particle deposition behaviours in turbulent flow fields.71
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Fig. 2. Numerical validation of turbulent mean velocity profile with DNS data74
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Fig. 3. Numerical validation of particle deposition velocity profile in vertical duct flow76

3.2. Thermophoretic deposition of particles77

Particle deposition velocity profiles in turbulent flow fields with different temperature gradient were obtained and78
illustrated in Fig.4. The initial temperatures of inlet hot air were 300K, 350K and 400K respectively. The wall79
temperature was 300K. From the Fig.4, it can be clearly observed that the effect of thermophoretic force on80
deposition velocity is different in different particle regime. As thermophoretic force towards to low temperature,81
particle deposition velocity is increased by thermophoresis effect in the present study. In particle diffusion-82
impaction regime ( 10pd m ), particle deposition velocities are obviously increased when temperature difference83
between inlet air and wall increases. Moreover, smaller particles have more obvious deposition enhancement. For84
example, particle deposition velocity of 1μm particles was increased from 6.5×10-5 to 1.9×10-3 when temperature85
difference increases for 100K. However, particle deposition velocities are almost not modified by thermophoresis86
effect in inertia-moderated regime ( 10pd m ). This is because particle inertia is quite large in the regime. Therefore,87
thermophoretic force has significant effect on particle deposition behaviors of small particles ( 10pd m ). However,88
very limited influence can be found by thermophoresis for large particles ( 10pd m ).89
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Fig. 4. Particle deposition velocity profiles in turbulent channel flow with different temperature gradient91
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3.3. Turbulent air flow fields92

Air velocity fields, air temperature fields and air turbulent kinetic energy (TKE) fields were displayed in Fig.5. It93
can be found that turbulent boundary layer and temperature boundary layer are both well resolved from Fig. 5 (a)94
and (b). The dramatic temperature gradient in the temperature boundary layer causes thermophoresis effect of95
particles. Moreover, TKE values are large in near-wall region, which is important for particle deposition behaviours96
of small particles.97

98
(a) Turbulent air velocity fields99

100
(b) Turbulent air temperature fields101

102
(c) Turbulent air TKE fields103

Fig. 5. Air thermo-fluid fields in turbulent duct flow104

4. Conclusions105

Thermophoretic deposition of fine particles in duct air flow was investigated by CFD simulation. Air flow fields106
were solved by v2-f turbulence model. Particle deposition motions were resolved by Lagrangian DPM model107
considering turbulent dispersion of particles. The effects of different temperature gradient and particle sizes on108
thermophoretic deposition of particles were investigated and analyzed. It was found that thermophoresis effect has109
great influence on particle deposition velocity for small particles ( 10pd m ). Thermophoretic deposition is110
increased with the increase of temperature difference between inlet air and duct wall. However, particle deposition111
behaviors almost are not affected by thermophoretic force for large particles ( 10pd m ). Moreover, dramatic112
temperature difference in temperature boundary layer causes thermophoretic deposition in turbulent duct flow. More113
detailed mechanics of thermophoretic deposition will be further investigated in future experimental and numerical114
studies.115
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