TG
200602 3.00e-01

1.95-02 2.85¢-01 5.00e+00
1.90e-02 2.90e-01 4.7 5e+00,
1.85e-02 285601 4:608+00]
1.80e-02 7 ; ' 4.25e+00/ /
4.006+00
3.756+00
3.506+00
3.256+00
3.00e+00
2.756+00
2.506+00
2.256+00
2.00e+00
1.75e+00
1.50e+00
1.25e+00

175002 275¢-01
170002 s m, 270801
165002 e e 265¢-01
1.60e-02 s 26001
155002 25501
150002 250e-01
145002 245001
140202 240801
13502 T 235e-01
1.300-02 230801
125002 225e-01
120002 220001 1.006+00
115002 215801 7.50e-01
110002 210801 5.00e-01
10502 LX 205601 2.50e-01

100802 2.00e-01 0.00e+00
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Calculating equation coefficient

Construction Conservation Equation
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Surface Conservation Equation
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Flow domains

Two modelling approaches
 coal hesing yve of progressive detail:
=" Q nodal network -

- applicable to building
P infiltration & natural
néfffz:lé.' e [ ventilation and plant
' fluid flows; and
| computational fluid
actve solar system - dynamics - generally

shading 5 1 w

7 coax applicable.

4

transient
conduction

thermal storage — —>——

re-radiation |

Building flow-paths Plant components

Air/vapour flow through cracks and openings in the building envelope allowing infiltration
and natural ventilation.

Air/vapour flow through the leakage paths connecting internal spaces and the distribution
networks that exist to service the building’s heating, cooling and ventilation demands.
Air/vapour/pollutants flow within the interior spaces of the building or the movement of
working fluids within HVAC plant components.

Water movement (in the liquid and vapour states) within the porous materials comprising
the building structure and contents.




Nodal network method — boundary conditions

U Building surface pressure distribution is wind induced:

Table 5.1: Pressure coefficient sets
d =07, normal, windward

7 §°

Pressure coefficients at 22.5° intervals Context \ |/

- 61.%°

0.70/0.53/0.35/-0.08/-0.50/-0.45/-0.40/-0,30/-0.20/-0.30/-0. 40v-0.45/-0.50/-0.08/0.35/0.53 |1 exposed wall
0.20/0.13/0.05/-0.10/-0.25/-0.23/-0.30/-0.28/-0.25/-0.28/-0.30/-0.28/-0.25/-0.10/0.05/0.13 111 sheltered wall

0.50/0,38/0.25/-0,13/-0.50/-0 65/-0.80/-0,75/-0,70/0,75/-0 80v-0,65/-0,50/-0,1 3/0.25/0.38 2l t‘Kl"r'.\‘d [ong wall
0.06/-0,03-0.1 20, 16/-0.20/0.29/-0,38/-0.34/-0.30/-0,34/-0,38/-0.29/-0.20-0. 160124003 2: sheltered long wall

0.60/0.40/0.20/-0,35/-0,90/-0.75/-0.60/-0.48/-0,35/0.48/-0.60/-0.75/-0.90/-0.35/0.20/0.40 |2 exposed short wall
0.18/0.17/0.15-0.08/-0.30/-0.3 1/-0.32/-0.26/0.20/-0.26/-0.32/-0.3 /-0, 30/-0.08/0. 15/0. 16 2:| sheltered short wall

d = 180°; normal, leeward

building surface

0,80/-0,75-0,70/-0,65/-0 60v-0,55/-0,50/-0,45/0 40/-0 45-0.50/-0,55-0,60/-0.65/-0.700-075 1] exp:»cd roof <] (0P
0.40/-0.45/-0.50/-0.55/-0.604-0.55/-0.50/-0.45/-0.40/-0 45/-0.50/-0.55/-0.60/-0.55/-0.50-0.45  1:1 exposed roof 10-30'
0.30/-0.05/-0.40/-0.50/-0,60/-0.50/-0 40/-0.45/-0.50/-0.45/-0.40/-0.50"-0.60/-0.50/-0.40/0.05  1:1 exposed roof >30°
0.70/-0.70/-0.70/-0.75/-0.80¢-0.75/-0.70/-0.70/-0.70/-0.706-0.70/-0.75/-0.80/-0.75/-0.70-0.70  2:1 exposed roof <10°
0.70/-0.70/-0.70/-0.70/-0.700-0.6.5/-0.60/-0.55/-0.50/-0.55/-0.60/-0.65/-0.70/-0.70/0.70-0.70  2:1 exposed roof 10-30'
0.25/0.13/0.00/-0.30/-0.60/-0.75/-0.90/-0,85/-0.80/-0.85/-0.90+-0.75/-0.60/-0.30/0.00/0. 13 2:1 exposed roof >30°

O Where the reference wind speed, v,, is a local wind speed, the free stream wind speed is
modified as a function of any height difference and the effect of local terrain roughness using
an assumed vertical wind profile (see notes).




Nodal network method — system discretisation

U Nodes represent discrete, homogeneous fluid
volumes characterised by:
* temperature;
* static pressure;
* height relative to an arbitrarv datum.

small rotational
hower  loads

Internal, unknown condition  height (m)
Intemnal, known condition height (m), total pressure (Pa) and temperature (°C)
Boundary, known pressure  height (m), total pressure (Pa) and temperature (°C)

Boundary, wind pressure height (m), pressure coefficient set, surface azimuth (° from N)

fuel cell
or CHP plant

O Buoyancy effects: B s
* pressure drop across a component
determined from Bernoulli’s equation
(one-dimensional steady flow of an

incompressible fluid):
AP = (py + pV 22) = (py + pV22) + pig(z) - 25) i =n,m

Hi=h

reference datum




Nodal network method — component models

L Component models derived from experiments,
for example the mass flow rate through:

* arestriction with a large aspect ratio (such
as a crack)

= ktl‘ A[) T"

0.5+ 0.5 exp(—Wi2)

k=9 7(0.0002)*

* through a large vertical opening (such as
a doorway)

i , ;g L
v = (2/3)[CpWh(2/ p)I(C

Component

Mode/

Power law volume flow resistance
Power law mass flow resistance
Power law mass flow resistance
Quadratic law volume flow resistance
Juadratic law mass flow resistance
Constant volume flow rate component
Constant mass flow rate component
Common orifice flow component

Laminar pipe flow component

Specific air flow opening
Specific air flow crack
Specific air flow door

General flow conduit (duct or pipe)

General fAow inducer (pump or fan)

General flow corrector

Flow corrector with polynomial local loss

Ideal (frictionless) open/shut flow controller

m = pahp"
i = AP
fi1 = a,/FAP
AP = am/p + biivp P
AP = am + b
m= or,
m =1y
it = CyAn2pAP
pAPTR}
S,'.'Lp
il = 065442 pAP
= f{p, k. AP) (see text)
m = f{Wy, H. H, Cy, AP} {s2e text)
= A I
: c"\l f Lp-tl,,"'z[i-
f=1/210p(5. 74/ Re™™ +0.27k,My)°
ki

m=

AP =Y ayivp)';
]
o < TP €4,

: APpy,
m= gk, Ao
AP,

; 2pAP [
= A, T :

] :
C=7¥ aHH})
il

m=0orm=pq

Figure 5.4: Bi-directional air low across a doorway.




Nodal network method — iterative solution procedure

 Nodal mass flow rate residual (error) for a current iteration:

U Required nodal pressure corrections:

[ Pressure correction vector:

. . L ¢4 ) \ f ;‘ \
[ Jacobian matrix: ERESIEIE I | insem
1\¢ - A \ U »

0 Solver uses Crout’s method with partial pivoting:
JC=(LU)C=L(UC)=R
J decomposed into a lower triangular matrix, L, and
an upper triangular matrix, U, such that L U = J;
solve, by forward substitution, for the vector Y such
that L'Y = R and then solve (by back substitution) U
C = Y; ) ! 2 3 4

Iteration

advantage IS that both Substltutlons are tI'lVlal, Figure 5.5: Example of successive computed values of pressure

and oscillating pressure correction at a single node.

_,l

exacf solution

Computed pressure

 Convergence criterion:




See tutorial
questions 7 & 8

and learn method




Computational Fluid Dynamics — domain discretisation

Energy system geometries are typically orthogonal ...

simple devices used for non-orthogonal cases ...

at boundary —

multiple
CFD domain discretisation. domains

Treatment of complex geometries




Computational Fluid Dynamics — conservation equations

O The Boussinesq approximation is usually applied:
« air density held constant;
* effects of buoyancy included within the momentum equation.

D Energy’ mass and momentum equations applied: Table 5.7: Transport variables (@), diffusion coefficients (I',) and source terms (S,).
Equation Type 3

Continuity
Momentum

Energy

The rate of increase of ¢ within a fluid element [
= the rate of increase of ¢ due to diffusion - the

net rate of flow of ¢ out of the element + the ST S
rate of increase of ¢ due to sources. o § gt

Q To avoid direct modelling turbulent flows, a
turbulence transport model is used whereby the e oo e

coeflicient, gr is the wrbulent Prandil Number, ¢ is the wrbulent Schmidt Number, gt is the thermal expansion

influence of turbulence on the time-averaged cocticient (1K)

motion of air may be determined, e.g. the standard

k- model used to determine the eddy viscosity, i, < Conservation equations discretised by the
at each grid point as a function of the local finite volume method to obtain a set of
turbulent kinetic energy (k) and its rate of linear equations of the form:

151 1 . . s ) . Stqit+an)
dlSSIPatlon (8) — C.(t+ DB 1+ — ¥ Colt+ 50O 1+ 51) — - “I“_ i
=1 oV
o, N dtgD)
=C. (08I + Y CiheL )+ ——— + ¢

pax LAY




Computational Fluid Dynamics — initial and boundary conditions

 Initial values of p, u, and 0 are required at time t = 0 for all domain cells.

O For solid surfaces, the required boundary conditions include the temperature (or
flux) at points adjacent to the domain cells.

O For cells subjected to an in-flow from ventilation openings and doors/windows, the
mass/momentum/energy/species exchange must be given in terms of the
distribution of relevant variables of state: U, V, W, H, k, € and C.

U At outlets, the normal practice is to impose a constant pressure and the conditions
ou./on =0, 00/on = 0, ok/on = 0, 0e/0n = 0, where n indicates the direction normal
to the boundary.

1 Where the CFD model is conflated with the building and network flow models,
these boundary conditions will be time dependent.

1 Where a method exists to consider the applicability of different near-wall
turbulence models, then parameters such as surface convection coefficients may
additionally be assigned as boundary conditions.




Computational Fluid Dynamics — iterative solution procedure

O SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) method:
* pressure of cells linked to the velocities connecting with surrounding cells in a manner

that conserves continuity;
accounts for the absence of an equation for pressure by establishing a modified form of
the continuity equation to represent the pressure correction that would be required to
ensure that the velocity components determined from the momentum equations move the
solution towards continuity;
uses a guessed pressure field to solve the momentum equations for intermediate velocity
components U, V and W — these are then used to estimate the required pressure field
correction from the modified continuity equation;
the energy equation, and any other scalar equations (e.g. for concentration), are then
solved and the process iterates until convergence is attained;
to avoid numerical divergence, under relaxation is applied to the pressure corrections.

O Variants of the SIMPLE method have been developed in order to reduce the computational
burden and assist convergence:
* SIMPLE-R(evised) - the pressure field is obtained directly (i.e. without the need for
correction) from a pressure equation derived from the continuity equation;
» SIMPLE-C(onsistent) - the simplifications applied to the momentum/continuity
equations to obtain the pressure field correction are less onerous;




mputational Fluid Dynamics — result

3 FLUENT (0] Fluent Inc

1.50e-04
1.00e-04
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Computational Fluid Dynamics — building/plant conflation

O The conflation of CFD and building/plant
simulation gives relevant indicators:

* variation in vertical air temperature
between floor and head height;
absolute temperature of the floor;
radiant temperature asymmetry;
unsatisfactory ventilation rate;
unsatisfactory CO, level;
local draught assessed on the basis of
the turbulence intensity distribution;
additional air speed required to off-set
an elevated temperature;
comfort check based on effective
temperature;
mean age of air.




Linking the building, plant and flow domains

A= 98

hybrid P

south

north

- : : moisture
moisture ~ i (de)absorption

Figure 5.11: Coupling plant and flow models connections to other
= - network nodes -

inlet node
.

room node

/room modelled with a

network air flow model
room node

by CFD cell noc

. inlet node
node

}
F\.

problem h dissimilar
( 1l and network
connecti s

(2d cas

[
1
|
|
|
|
1
\

Figure 5.10: Coupling network flow and CFD models.




inking the building, plant and flow domains — turbulenc

thermal domain
invokes CFD

U Boussinesq approximation

U turbulence transport technique
U k-¢ turbulence model

U simple-c solver

Investigative CFD run:
- O-eqn turb. model
- buoyancy on _
- coarse conv. criteria

h,
Calculate Gr & Re
at each surface

from CFD flow field

surface temps 7/

surf. temps & -
room air remp./ thermal solution
(

Gr — how buoyant
Re — how forced
Gr/Re? << 1
Gr/Re? >> 1

Gr = Re?

forced convection effects overwhelm free convection
free convection effects dominate
both forced and free convection effects significant

L, — eddy viscosity

p — molecular viscosity
p/p < 30 flow is weakly
turbulent

thermal solution
(previous time-step)

previous time-step)

Buoyancy insignificant
- turn off

Buoyancy significant:
- buoyancy on
- relax solution

examine _
each surface

next surface

A =30

(weakly turbulent)

<30 |Forced convection:
- co-operative l-way
Neumann condition

Free convection; _
- Dirichlet condition
- Yuan wall functions

approx 1

Forced convection:
- Dirichlet condition
- log-law wall func

Free convection: h
- l-way Neumann =
condition

,

Mixed convection:

- co-operative
Robin condition

v (tultfy turbulent)

Refined CFD run:
- k-£ model

lasscss surface =
convection predictions

Dirichlet BC: fixed surface temp. 6 = 0g
Neumann BC: fixed surface heat flux k ge =q
n

Robin BC: heat flux proportional to local heat transfer k gﬂ =hc(0 — 06g)
n

dynamic CFD model
configuration




nking the building, plant and flo mains — hand-shaking

turbulence
model

hand-shaking
mechanism

CFD thermal
boundary condition

applicability

k — £ model and
log-law wall functions
(for momentum eqs)

one-way

+Dirichlet
+CFD calculates g,

with log-law wall function
+Neumann
+thermal domain — 7',/
+thermal domain — 7, wir
+ACA — h,.

+predicting flow &temp. field

+not suitable for buoyancy-driven ow

+not suitable for o ws strongly affected by g .,
+predicting flow and temp. field

+suitable for flows strongly affected by g, .,

+co-op Neumann
+thermal domain — 7T,
+CFD — T, pom—air(avg)
+ACA — A,

+predicting flow and temp.field
+suitable for flows strongly affected by g,
+useful when room stratfied

+co-op Robin
+thermal domain — 7
+CFD — 7, (local)

+ ACA — h,

sterf

+prediction flow and temp.field
+suitable for flows strongly affected by g .,
+useful when room stratified

conditional

two-way

+Dirichlet
+CFD calculates ¢ . .
with log-law wall functions

+predicting flow and temp. field

+enhancing surface conv. calcs

+not suitable for buoynacy-driven flow

+not suitable for flows strongly affected by g,
“+next-to-wall points must be properly placed

+co-op Robin
+thermal domain — 7,
+CFD — 7T, (local)

+ ACA — h_

surf

+predicting flow and temp. field
+enhancing surface conv. calcs

+suitable for o ws strongly affected by g,
+useful when room stratified

k — £ model and

Yuan wall functions

onc-way

+Dirichlet
+ CFD calculated g,
with Yuan wall function

+predicting flow and temp. field
+only suitable for buoyancy-driven flow
+only suitable for vertical surfaces

+Dirichlet

+predicting flow and temp. field

conditionat
two-way

FCFD calcutarted g,
with Yuan wall function

Fenhancing surface comnv: calcs
+only suitable for buoyancy-driven flow

+only suitable for vertical surfaces

Chen & Xu zero

equation model

one-way

+Dirichlet
+CFD calculates g,

+predicting flow and temp. field

+suitable for quick indication of flow

+less suitable for buoyancy-driven flow

+less suitable for flows strongly affected by g ..

conditional
two-way

+Dirichlet
+CFD calculates g,

+predicting flow and temp. field

+enhancing surface conv. calcs

+less suitable for buoyancy-driven flow

+less suitable for flows strongly affected by ¢ ..
+next-to wall points must be properly placed

turbulence Mmodel applicabi




Table 7.17: h, correlations for buoyancy and mechanically driven flows. Table 7.18: h, correlations for the mixed flows (from Beausoleil-Morrison 2000).
Location | Applicability h, correlation — P 7
Correlations from Khalifa and Marshall (1990): Location App“-,ga D'I'I'l‘y | hc correialion

el “yoom Beded by eadlator, o Correlations from Beausoleil-Morrison {2000)
= radiator not located under windaowr 1.98 As™-

= wall surface adjacent to radiator Wall « assistine forces : (3510 18

» room heated by radiator [ s ™ 1n]f 8- 8, ot 3
| a3 Ll

» radiator located under window I'S_ " "[I"Jli"“l ] ki |: 1] ][—O.I'?Q-HJ. I3 ACR] ]

= wall surface adjacent to radiator =

= room with heated walls . e forces i o 1"
« not applicable for heated wall Opposing rorces el

£ L] W . 3
» room with circulating fan heater [I.S | % | If |:|__1_-| |£I|.-_~T _“:n ; _nl'.j][_u_ o040 IWAE‘R-"E]I
= wall surface opposite fan it na

= room with circulating fan heater
= wall surface not opposite fan

P i
» room with heated floor 0% of [|_5| % [ r1 [|_ 73 ll'ﬁl”’]

1%

= room heated by radiator
= radiator not located under window
= wall surface not adjacent to radiator i, — &
2 B0t of |24
|4}

, : ][—u. 19940, mmAJ:RF'-i]
Window = room heated by radiator

= radiator located under window

Window = room heated by radiator
= radiator not located under window Floor « huovyant f (21

| |
— = - s Fiag] ; Rt A
Ceiling room heated by radiator ‘ [""l |;.,| | T" [I.65|£|5i"'-‘]6 '_I[n, J][ﬂ. 150401 IGAERT-'-E]] ‘
\ Dy, J

W'

= radiator located under window |

= room with heated walls
Ceiling = room with circulating fan heater
= room with heated floor

18

+ stably siratified [ e s .
|:D.n|.¥ J +[[“'!;6‘|":|[u.|59+u. II&AJZ‘R'I"-E]] |

= room heated by radiator
= radiator not located under windaowr

Correlations from Awbi and Hatton ( 1999): CﬂlJil]g . DUD}"'J.D[ : A1 el

i |

£ aap w1 - - i
Wi * hes - |47 Sl fa =84 o
all heated ot ‘ |:H|.D_h_| +|:|.a1|a.p, + [' - ][—CI.IWH].IHIACRT ]

2.175 AT
DhELD’.‘G

Floor = heated

Correlations from Fisher (1995) and Fisher and Pederson { 1997): . -"‘[::'lbl-}" stratified | PR T 2l
: s 3 2 i y 1] g By =B >
Wall ceiling jet in isothermal room 0. 199 + 0. 190 (ACR) +[ 8y _'I"J][—u.l G4 0143 Am,uj]]

Floor = ceiling jet in isothermal room® 0.159 + 0. 116 (ACR)"F
Ceiling = ceiling jet in isothermal room’ —0. 166 + 0.484 (ACR)™ - - - —
Wall « free horizontal jet in isothermal room 0. 110 + 0. 132 (ACRT ACR is the room air changes per hour, A9 the surface-to-air temperature difference, &, the sur-
Floor » free horizontal jet in isothermal room 0.704 + 0. 168 (ACR)"* face tlemperature, &y the temperature of the air supplied through the ceiling diffuser, H the sur-

(ACR)™ face height and Dy, the hydraulic diameter of the surface as before,
AT

Ceiling = free horizontal jet in isothermal room 0.064 + 0. 00444




inking the buildin lant and flow domains er co-ordination

< _begin simulation ___=

T perday

_ _perhour _ =

er building time-step _ :}—l

—bl establish/solve building/plant air/liquid flow network

HEAT PUMP HEATING GYGLE
omr?oon - o [ establish/solve building/plant power flow network

[ establish/solve building multi-zone matrix equation

v

[ establish/solve moisture flow matrix equation

v

establish/solve CFD domain(s)

possible iterations

INDOOR l
\\._.

COILS *

< :‘_‘ per plant time-step =

4

establish/solve plant matrix equation

r time-stepi7—==

n

—___ iterate? __

¥y
L——tinother time-step? =

—_ _end simulation =

@ Symscape http://WWW.8y S Figure 6.17: Iterative solution of nested domain equations




