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Constante de Stefan-Boltzmann: σ = 5.67× 10−8 W ·m−2K−4

H T

Thermal resistance

Thermal resistance: R =
L

kA

Resistances in serie: Req =

n

i=1

Rn

Resistances in parallel: Req =


n

i=1

R−1
n

−1

U-value and Psi-value

U =
1

ReqA

Ψ =
q ∗ /∆θ − UxAx − UyAy

B

Heat conductance: H=UA

S--  

Fundamentals

Nusselt number: Nu =
hL

kf

Prandtl number: Pr = ν

α

Rayleigh number: RaL =
gβ(T − T∞)L3

να

Grashof number: GrL =
gβ(T − T∞)L3

ν2

Reynolds number: ReL =
ρU∞L

ν

Vertical Walls

NuL = 0.59Ra1/4
L 104 ≤ RaL ≤ 109(laminar)

NuL = 0.1Ra1/3
L 109 ≤ RaL ≤ 1013(turbulent)

Horizontal Walls

Upwards heat flow:

NuL = 0.54Ra1/4
L 104 ≲ RaL ≲ 107, Pr ≳ 0.7

NuL = 0.15Ra1/3
L 107 ≲ RaL ≲ 1011, toda a gama de Pr

Downwards heat flow:

NuL = 0.27Ra1/4
L 105 ≲ RaL ≲ 1010

Surface film resistance [m2K/W]

R′′
s =

1

hc + hr
=

1

hs

External environment: R′′
se = 0.04

Internal, horizontal heat flow: R′′
si = 0.13

Internal, vertical upwards heat flow: R′′
si = 0.10

Internal, vertical downwards heat flow: R′′
si = 0.17

S--  

Air cavities

(print slides pp. 24 and 25 SEE-Radiation)

N 

Ventilation

Heat flow: q = ṁ c θ = ρ c v̇ θ

Conductance: Hv = ρ c v̇ ≃ 1200 v̇

Simplification rules

Multiple conductances connected to different temperature
nodes: Heq = H1 +H2 + ...+Hn

θeq =
θ1H1 + θ2H2 + ...+ θnHn

H1 +H2 + ...+Hn

Heat flow (q0) with a conductance (H0) connected to a temper-
ature node (θ0): Heq = H0

θeq = θ0 +
q0
H0

R  

qi = Aiε
∗h∗

r(Ti − Tj)

h∗
r = 4σT

3
ij

Enclosure with two surfaces

ε∗ =


1− εi
εi

+
1

Fij
+

1− εj
εj

Ai

Aj

−1

Enclosure with two parallel surfaces

ε∗ =


1

εi
+

1

εj
− 1

−1
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S 

α = arcsin(cosφ cos δ cosω + sinφ sin δ)

ϕ = arccos


sinα sinφ− sin δ

cosα cosφ



δ = 0.4093 sin


2π

284 + J

365


[rad]

ω = 0.2618(h− 12) [rad]
ϑ = arccos(cosα cos γ sinβ + sinα cosβ)

ϑ - incidence angle of solar radiation on a β sloped surface (angle
between the sloped surface the horizontal plane)
α - solar altitude
γ - azimuth difference between the sun (ϕ) and the surface (ψ)
φ - latitude
δ - solar declination
ω - angular solar hour
J - Julian day

S 

g-value

Glazing-to-internal node conductance: Hji

Glazing-to-external node conductance: Hje

Simple glazing: g = τ + α
Hji

Hji +Hje

Angular correction: g(ϑ) = Fwg⊥

Frame correction or glazing factor: Fg =
Ag

Aw

Obstruction factors: Fo, Ff and Fh

Solar gains

Transparent (no shading elements)

Asol = Fwg⊥FgAw

Opaque

Asol = αR′′
seUAop

E 

qin + qint = qout [W]

Steady-state

Steady-state:
Qin +Qint = Qout [J or Wh]
Auxiliary systems (thermostatic):
Qaux = Qout − (Qin +Qint) [J or Wh]

Quasi-steady-state

Heating needs:
Qnd,H = Qht − ηgQgn [J or Wh]

Cooling needs:
Qnd,C = (1− ηg)Qgn [J or Wh]
Utilisation gain factor:

γ =
Qgn

Qht

ηg =
1− γa

1− γa+1

For γ = 0, ηg =
a

a+ 1

For γ < 0, ηg = 1/γ

Heat transfer:
Qht = (Htr +Hve)L(θset − θext) = (Htr +Hve) GDθset × 24

Htr = Hd +Hg +Hu +Ha

Hx = btr,x(


AiUi +


BiΨi)

Hve = ρaca


k

bve,kφve,k

Adjust factor: btr =
θi − θu
θi − θe

Heat gains: Qgn = Qsol +Qint −∆Qsky

Q = ΦL, with Φ the average power

Φsol =


j

Φsol,j

Φsol,j = Gj



n

Fsh,nAsol,n

Effective collecting area for opaque elements
Asol,n = αnRseUnAn

Effective collecting area for transparent elements
Asol,n = gθ,nFgAw,n

gθ = gsh,θ Fms + gg,θ(1− Fms)

Shading elements: gsh,θ ≃ gsh,⊥

Only glazing: gg,θ = Fw gg,⊥

Alternative formulation for solar gains: Qsol =


j

Ej




n

Fsh,nAsol,n



j

Sky radiative exchanges: ∆Qsky = hrFsky∆θskyAs

P

Humidity ratio: W =
mv

ma

Relative humidity: φ =
xv

xs

Degree of saturation: µ =
W

Ws
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Enthalpy of moist air: h = ha +Whv [J/kga]

h = cpaθ +W (hfg + cpvθ) ≃ 1.0θ +W (2500 + 1.86θ) [kJ/kga]

Pressure: P = pa + pv

φ =
pv
ps

=
ρv
ρs

φ =
W

0.62198

pa
ps

W = 0.62198
pv

1− pv

Heating moist air or cooling with no condensation

Energy balance: ṁah1 + q = ṁah2

Water mass flow balance: ṁaW1 = ṁaW2

(Note: for cooling q is negative.)

Cooling and dehumidifying of moist air

Energy balance: ṁah1 + q = ṁah2 + ṁwhw

Water mass flow balance: ṁaW1 = ṁaW2 + ṁw

(Note: for cooling q is negative.)

Heating and humidifying moist air

Energy balance: ṁah1 + q + ṁwhw = ṁah2

Water mass flow balance: ṁaW1 + ṁw = ṁaW2

Adiabatic humidification of moist air

Energy balance: ṁah1 + ṁwhw = ṁah2

Water mass flow balance: ṁaW1 + ṁw = ṁaW2

Adiabatic mixing of two streams of moist air

Energy balance: ṁa1h1 + ṁa2h2 = ṁa3h3

Water mass flow balance: ṁa1W1 + ṁa2W2 = ṁa3W3

Interstitial condensation

Mass flow rate of vapour: ṁ′′
v =

pv1 − pv2
Rv

=
pv1 − pv2

rvL

T 

Operative temperature: Top = aTa + (1− a)Tr

a = 0.5 + 0.25va

V

Steady-state

V̇ =
P

Ci − Co

(Note that Ci and Ce are expressed in ppm ×10−6)

V̇ =
P

Wi −Wo

Transient

V
dCi

dt
= CoV̇ + P − Ci(t)V̇

Ci(t) = Ce +
P

V̇


1− exp


− V̇

V
t



L 

Winter conditions

To < Ti

ρacpaVroom
dTi

dt
= qheat,s − qvent −



n

AnUn(Ti − To)

qvent = ρacpaV̇ (Ti − To)

Summer conditions

To > Ti

Sensible load

ρacpaVroom
dTi

dt
= qcool,s + qint + qsol + qvent +



n

AnUn(To −Ti)

qvent = ρacpaV̇ (To − Ti)

Latent load
ṁaWi = ṁaWe + ṁw

If Wi > Wmax, qcool,l = ṁa(Wi −Wmax) hfg
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