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SYNOPSIS Induatrial buildings, particularly those containing nuclear and process plant, often require
high standarda:of ventilation in ordey %o cope with unusual features of the operations or process
which take place within the buildings, PFour examples of recent studies carried out by the present

- authors are given in this paper: storage of coel in a covered stockyard, a chlor-elkali plant, a clean
room, and the turbine hall of s nuclear power station, In each of these examples, quite detailed
information was required about air flows, temperatures and gas concentrations, and it was decided to
use the two-equation k,e model of turbulence to helppredict these varisbles.  This is solved with
equations for momentum and continuity by finite differences. It is concluded that complex computer
programs of this kind can provide wvaluable assistnnce in support of the more traditional hand
calculations using BS codes and CIBS guides. However, careful engineering judgement must be exercised
in the use of the programs and in the interpretation of the yesults.

1  INTRQDUCTION ' (a) Sefety (+ energy) criteria: concentretions
of methane released from a stack of cosl in

The inecrease in cepital and running costs of a building.

forced ventilation systems in industrial buyild- (vb) Safety criteria: discharge of chlorine from

ings, together with the power supply limitations a fractured pipe in a building at a chlor-

in cases such as offshore platforms, have high- alkali plant.

lighted the need for more efficient HVAC systems. (¢) Energy (+ quality) criteria: air movements

For example, potential energy savings of over within a elean room.

50% have been identified (see references 1,2,3 (d) Quality eriteria: temperatures and air

and 4) in cases where 'over design' has been movements within the turbine hall of a

employed to compensate for lack of more accurate nuclear power station.

design procedures, Furthermore, a reduction in

the use of HVAC systems in recent years has led The difficulties of obtaining reliable

to a greater reliance on natural ventilation. ' results from scale models are also discussed and

Whilst this is a desirable trend from the point it is concluded that computational methods have

of view of energy conservation, it is important an inereasingly important role to play in the

that the design methods used are accurate enough design of safe ventilation systems for industrial

to ensure that the necessary quality and safety buildings.

criteria are being met. This is particularly so
where critical air temperatures or gas concen-

trations are concerned as, for example, in the 2  NOTATION
wellhead modules of offshore platforms, the
storage of nuclear fuel, and in many types of Ar Archimedes number
industrial processes. ) , Cl,Cg,CD Constants in turbulence model

D Specific heat at constant pressure

Section 2 of this paper discusses the (kJ/xg X)

various specialised techniques which may be used D Characteristic. i;ngth (m)
as’ design aids to assess the quality and safety g Grav1tat10nal acceleration (m/s?)
performance of ventilation systems in industrial Gy Turbulence generation term (keg/ms3)
buildings. Section 3 focuses on one of these k,e Turbulence quantltles (m2/s82, m2/s3)
design aids, computational modeiling, which may P Pressure (N/m?)
be employed to enhance the accuracy of the more Pr,c Prandtl number
conventional HVAC design procedures. Section k4 Re Reynolds number
. gives examples of the application of compu~ S Source term in differential equation’
tational medelling in some desigh studies (%-To) Temperature difference from reference
recently carried out by Atkins Research and (K)
Development, ° t Time (s)

U, v,w Velocity {(m/s)

The following examples have been chosen X,¥s2 ° Cartesian co-ordinates
because they demonstrate how the requirements of x,r,0 Polar co-ordinates
energy, quality and safety place demands on the 8 Volume expansion coefficient (K1)
aceuracy of the analysis procedure: Ty Diffusion coefficient (kg/sm)
: 3 Pertisl differential operator
u Dynamie Viscosity (Ns/m?)
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P : Density (kg/m3)

v Kinematic Viscosity (m2/s)
[} General property

Suffices

o) Reference condition

eff Effective

k Turbulent kinetic energy
L Laminar

T Turbulent

¢ General property

3 DESIGN ATDS

The four main methods which can be used in the
design of HVAC systems for industrial buildings
are:

Design codes and practices;
Full-scale measurements;
Scale model measurements;
Computational modelling.

wiwww
Fw

3.1 Design codes and practices

Existing design practices and guide lines employ
a wide range of simple emplrlcal formulae using
bulk heat and mass exchange between rooms, and
assuming uniform conditions (see references‘i,ﬁ
and 7). In many cases these are sufficient but,
in certain applications, more detail of the flow
conditions and temperature distributions within
roams may be needed to design effectively and
with confidence, in.order that the desired
quality and safety of vemtilation is achieved.
In addition, increased confidence in design can
lead to significant energy savings in instal-
lation and running costs, as suggested in the
clean room investigation:deseribed in Section 5.

3.2 Full-scale measurements

Full-scale measurements are potentially the most
accurate means of obtaining data. However,
since specialised HVAC systems are generally
'one-off' designs, these measurements, can only .
be used for retrospective design changes. .
Despite the cost and difficulties in obtaining
full-scale measurements under controlled con-
ditions, data of this type are vital to compu-
tational models for validation purposes.

3.3 Scale model measurements

The use of scale models:can alleviate some of -.
the practical problems inherent in full-scale .
measurements. Wind tunnel ‘tests are frequently
used in situations where it is suspected that
there may be an unusual surface pressure dis-
tribution on a building, owing to the proximity
of other buildings or geographical features. A
good example of this is the modular design of
the topside layout of offshore platforms (Fig.l).
In this case, there is- an additional problem:
which is thet the hot exhaust gases from the
turbine generators instslled.on the deck may
enter the HVAC inlets, unless care is taken to
locate the turblne exhausts and HVAC inlets in
optimum pos1tlons with respect ‘to the wind N
direction. The work of Plate et al(reference 8)
describes typical wind tunnel tests carried out
on a ventilating system of a building.

This type of model test can give useful
predictions of bulk average quantities, such as
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, alr change ratesper hour, but it ‘is impréetfcable

to obtain accurate distributions of velocities and
temperatures within -‘the enclosed space. Firther-
more, itisdifficult to deal satisfactorily. with -
the situation of very low wind speeds where
temperature-driven ventilation dominates. Under
these circumstances, model tests are extremely
difficult -to.carry out and interpret. 'This is
because it is impossible to achieve:.full dimen-
sional similarity of the Prandtl, Reynolds -and.
Archimedes :numbers &eference 9 in both model and
prototype = 3

qufk ' (1)

Pr =

Re .= ub/v i : (2)

a e ST 3
u Y

It can be seen that satisfying Ptandtl and
Reynolds numbers makes 1t impractical to satlsfy
Archimedes number, as this would requlre very
high model flow temperatures (of the order model
scale ‘cubed),

3.4 Computational modelling

The use of computer programs in all. aspects of
engineering design is now w1despread The
energy budget of buildings, HVAC network oper-—
ation, and air infiltration and distribution are
a few examples of topics in the area of veénti-
lation which can now be handled by the use of
computer programs (reference 10). Furthermore,
considerable effort is in progress-around the
world to develop new and more sophisticated
programs (reference 11)}. Model tests and full—
scale measurements will play an important rdle
in this. 2

There are distinet advantages in the use of
computational methods, such as flexibility and
repeatability. Achieving a useful level of
accuracy at an acceptable cost is alsc an import—
ant consideration, particularly where more
sophisticated numerical methods are being .
employed,.:such as in the caloulation of .laminar,
and turbulent convective flows. It is on ~this -
particular aspect of ventilation and its treat-—
ment .in - de51gn studies that the remalnder of
thls paper new concentrates. . 5

3 COMPUTATIONAL APPROACH ot

Untll relatlvely recently lt was posaible to
simulate only very simple flow problems by ..
computational methods, ow1ng to- llmltatlens in
computer power and size-. .. This situation, hae
changed dramatically:over.the:last ten- or e
fifteen years. .The:growth.in. eomputer: power has
eneouraged"development of'sophlstlcatednmethods,
of- computational anslysis, to the extent that it
is now possible: to simulate complex, three-
dimensional turbulent flow problems to: ;useful
levels of accuracy. However, considerable
caution must be exercised in the use of advanced
numerical technlques and turbulerice models, .and,
skilled engineering judgement will continue to
play a very important role in the interpretation
of the results.,

4,1 The mathematical formulation

Suitable numerical techniques have been devel-
oped which may be used to solve the three
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momentum equations, ‘mass conservation, the:
energy equation and equations for concentrations
of any number of either reacting or: inert
chemical species. A turbulence model may also
be inecluded, con51st1ng of one or more transport
equations. : sl

Within the above framework;.the:indépendent
variables are the.three components of a ‘co~ordi-
nate system (x,y,z for cartesian co-ordinate
systems, x,r,8 for cylindrical polar co<drdinate
systems) and the time, t. Time-averaged:depen<-
dent variables include the three velocity
components u, v and w, the pressure p, the mass
fraction mj of chemical species j ard ‘the "
stagnation enthalpy h (or temperature TV,
Additional variables are found in the turbulence
model which, for the two-equation model presently
adopted (described in Section 4.2), are the
turbulence kinetic energy k and its rate of
dissipation.e. o ‘ .

- The elllptlc dlfferentlal equatlons for the
transport of the above varlebles in'a cartésian
co-ordinate system can be convenlently presented
in e general form (see reference 12)

-g;(pt#) (pu¢) o= (ovrb) L (QW¢5-r .
(%)
39y _ _i
= 0 ax) &, ay) <r¢3§)

where ¢ stands for the general variable, .Ty is
the appropriate exchange coefficient for the
variable ¢, Sy is the source/sink term of ¢~
(which slso includes‘ dny other temms which
cannot find a place on the left hernd:side-of .-
the equation), and p is the density. The advan-
tage of writing the equation in the form given
by (4) is that additional eguations'-can be
incorporated very easily 'into the solution
sequences of a computer program.

The variables.Ty and’Sy depend on. the -
problem being svlved and are given in Table 1;
which sumiarises the equations in the form .in’
which they are®solwved. : B

The ‘termd involving the ‘velocity : divergence
div v in the soures tetms:of the:=mémentum 2 s
equations have béen ignored. For constant den-
sity flows div v is-identically zero. For most
other flows handled by the 'present procedure,
div v is expected to be small compared to other
terms and is omitiegd/for. 31mp11c1ty.

k.2 The turbulenCe deel v e

A w1de1y tested turbulence closure ‘moiel is’ thef
high Reynolds number .fk;e) two-equational model
of Harlow and Nakayama»(reference 13);: This.
model requires the solution. of,two differential:
equations,. for the two, turhulencé. characteris—. -
tics, the kinetic'energy. of turbulence k, and ’:
its d1$51pat10n rate E. " : LI

]

The governlng dlfferepmial;equationsmare
presented.in Table 1 where Gy is the generation
term: :for the kinetic energy ef turbulence and
is:given by: s e
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In this model the turbulent viscosity, Heps
is related to k and € via:

k%/e (6)

and the effective viscosity is given by:

Ferr = Mp Y UL (1)
The local effective exchange coefficient, Feff 6
for the trensport of the scalar property ¢,

is calculated from:

W H u

L T eft

1" = o = (8)
L R R

where uy, and Oy, 4 &re the moleculsr viscosity and
the lamfinar- Praﬁgtl ‘or Schmidt number, respect-
ively,-and up and °T are their tulbulent
counterparts; to’ také aécdount of the effect of
turbulence on mixing. This turbulence model
includes four constdnts, -tHeir recommended
velues being: Cp = 0.095 Cy = 1.43, Cy = 1.92,
Ok,eff = 0.9. The value of ¢ ofr 18 calculated
from the relaticn kz/( —CZ)C‘;'W ere k is. the
Von Karman cénstant b L) (see Jones, 1971)

4.3 Reduction to steady,

The computing effort and présent-day cost for a
fully unsteady, three-diménsional fluid flow
problem is often unacceptably high. Furthermore,
it is doubtful whether, even with a fine grid
in 3D, fesults of sufficient accuracy can be
obtalned with current turbulence models. In

many cases, however, it is adequatc for engineer-
ing:purposes- to: rédice a- ‘particular problem to |
one or two. spatlal dlmen51ons -ahd also use )
‘either a single siéady-state’ ‘eomputer run, or a
numbér of diseréte, steady-dtate - runc to: 51mulate
an ‘unsteady fléw problem. This is particularly
advantagesdus -for.cases where s qualitative
assessment of design modifications is required,
since a number of twe=dimensional calculations
may.be considered for the séme“cost’as a single
three-dimensional analysis. ‘However, we
empliasise that :this approgch means that the-
results can only be- 1nterpreted in a qualitative
sense or, &t best in a: 'banded' quantitative
sense. ; § E @y &

'
A

two d1mens1onal flow - .

¢ In the next Section, various” examples are
glven of the ' two-dimensgidnal- approach: applied -
to the ventilation of~indusfrial buildings. :The'
way in which the mathemsaticdl model was s
assemoled in eachoucase!is*described and-thel -
manner in which:the.results-Haveibeen ‘interpreted
for ‘énginéering purposes’ is expldined.: .Each of
the cases qucted were parts of recénmt studies
carried out.for clients by~ Atklns Research end
Development: : ; R )



5  EXAMPLES OF VENTILATION STUDIES BY
COMPUTATIONAT: ANALYSIS

In all four examples given below, the Atkins
finite difference program CAFE has been used to
predict the air flows, gas concentrations and
temperatures in each of the process buildings
concerned. CAFE (Computer Aided Flow Evaluation)
solves the equations given in Table 1 and eqn. b
and employs the k,e model of turbulence, alsa
given in Table l.(see‘reference 1),

Only a sample of the results from CAFE has
been presented in each case to illustrate the
type of output data that can be obtained. The
details of the input data and range of conditions
studied are not given, as these are confidential
to the clients concerned.

5.1 Concentrations of methane released from &
stack of coal in a building

In this example, the main criterion was Safety
but Energy was also an important consideration.

At the Gascoigne Wood site of the UK
National Coal Board (NCB) Selby coal mine
project, coal will be brought to the surface
by conveyor belt and stacked temporarily in a
43,000t capacity covered stockyard building, one
end of which is closed and the other end entirely
open to the atmosphere, This end, and the ducts
proposed fér the side walls and roof, provide
ventilation for the building. Since coal
contains a smell- quantity of methane gas which
is emitted at a decressing rate over a perlod of
time, adequate ventilation must be available to
ensure that explosive concentrations of the gas
do not occur.

The behaviour of the gaseous impurity in
air depends on the density of the gas, on its
concentration in the mixture and on the circu-
lation of the air. Normelly, on a windy day, it
is expected that there will be sufficient circu-
lation due to the air entering via the inlet

ventilation ducts, but on a calm day this may not.
Indeed, it is likely that. the worst

be the case.
situation is when there is no wind and no move--
ment of machinery, so that the stack of coal is

releasing methane ints a 'quiescent' atmosphere,

A study was therefore required to determine
the extent of a2ir movement within the covered
stockyard building and in the surge bunker on a
calm day, and whether in fact sufficient natural
circulation may be set up by the temperature of
the wall and coal stack to.prevent locally hlgh
concentrations or 'pockets'! of methane from
developing.

The covered stockyard, bulldlng is 312m long,
6lm wide and 22m high., It was therefore decided
that a two-dimensional analysis in a vertical

plane of lm width would give useful results for - :

the predictions of methane concentrations.

The first stage of the analysis was to
estimate the release rate of methane from the
coal stack. An empirical formula supplied by
the NCB was:used for:.this purpose. The next’
stage was to determine the solar heat gain and
loss of the building during e 2lhr period. The
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Atkins energy analysis program ATKOOL was 'run
for several types of -day such as sunny/winter
and cloudy/summer and, knowing the thermal
properties of the structure, the roof and wall
temperatures were calculated. This information
was used to estlmate the air change rate by
natural convection due to the temperature gradi-
ent only, i.e. in the absence of wind.  The
CIBS/IHVE. guidelines were.used for this purpose.

The final stage of the analysis was to pre-
dict the natural ciréulation patterns and con-
tours of methane concentration within the build-
ing. CAFE was run with the previously calculated
wall temperatures and air inflow rates as
boundary conditions. A sample set of results for
the covered stockyard buiding is shown in Figure
2. . . - .

By repeating this analysis for different
ventilation inlet and outlet areas, it was
possible to converge on the optimum vent sizes
which would .ensure sufficient ventilation by
natural convection to prevent dangerous levels
of methane from being reached. The dimensions
obtdined from this study were accepted by the
NCB and have since been 1ncorporated in the
design of the covered stockyard bulldlng

5.2 Discharge of chlorine from a fractured pipe
in a building at a chlor-alkali plant

In this example, the main criterion was Safetyu

Hazard Analysis and Risk Assessment are
becoming a very 1mportant part of the design of
nuclear and process plant. In this study, an
accident scenario was proposed in which a pipe
containing a flow of chlorine gas at ambient -
temperature. fractures in a chlorine process
building. This was closed on all sides except
for a door to the east of the building. Venti-
lation was provided by two extractor. fans built
into the roof to prov1de twelve air volume
changes per hour. It was assumed that the maxi-~
mum c¢hlorine production rate of 8.9kg/minute
would represent an upper limit on the amount of
chlorine which might escape from the pipe.

The information that was required was an
estimate of the time taken for the concentrations
of chlorine emerging from the extractor fans in
the roof to reach a dangerous level. In order
to determlne thls, it was nécessary to predlct
how the gas escaping from the fractured pipe
would mix with the air in the building. - The
CAFE program was uséd so that the negative -
buoyancy effects, caused by the dense chlorme9
would be’ taken into accountelmpllc1tly by - -the
equatlons .

At time t = 0, a 130 kg mass. of chlorine
was introduced in a 0.9m thick layer on the floor,
with ' mass concentration Cp = 0.624, -The flow
patterns and concentration (Cp) contours for
the tlme—dependent flow within.the building are
shown in Figure 3 for the time. intervals shown.
These indicate that the mixing is fairly rapid,
with the Cp = éz%"contour (corresponding appraxi“
mately to Cy = 1%).almost reaching the outlet?
vent at the top of. the building after 100 eecondso

The time hlstorles of the concentration of
gas at the roof vent and also of the percentage
of the initial mass of chlorine remaining within
the building, are shown in Figure U, The results,
suggest that the rate of flow of chlorine after.
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100 sgeconds is of order 0.1 kg/eecond, implying
that the density of the emerglng ‘gas 1s of order
3% higher than that of air. Because the density
differences are small, a Gaussian plume model
was used to represent the outside dispersion

of chlorine away from the Process Building.

5.3 Air velocities within a clean-room

In this example, the mein criteriorn was Energy
conservation but Quality and Safety were both
very important aspects.

= Clean rooms are being increasingly used in
the nuclear and process industries for operat-
ions requiring a particle-free environment.
Although filters (usually in the ceiling v01d)
eliminate most particles :of dust before air
enters a clean-room, design requirements gene-~
rally stipulate that a laminar air flow should
exist in a direction parallel to all ‘clean'
components

A half section through a typlcal ‘clean- room
is shown in Figure 5. Filtered air 'is blowi in
through seven inlet filters in the celllng, and
extracted close to ground level. Streamllne
plots of a two- dlmen51onal computer blmUlathn
of flow within the rvom are’ shown in Flgure 6.
The same flow predictions- are shown in vector
form on Figure 7, on wh1ch measured data points
from the clean-room ih questlon are also shown.
A good model/prototype agreement was obtalned
except in the bottom right hand corner of the
Figure, where the measured vélocities are close
to the zero error of the hot wire- anemometry’
equipment used for data collection.

Figure 8 shows computed flow results (1n the
form of streamlines of flow) with two of the
filter panels removed, i.e. with a 28% reduct-
ion in inlet air flow. The flow directions at
1m above floor level are rémarkably similar to
those with a full filter coverage. This 1mp11es
that there may be significant opportunltles for
energy saving through reductions in filter panel
inlet area. Further experimental and computat—
ional work is to be carried out to investigate
this possibility.

The design brief for this cdlean room was to
provide Class 100 conditions to Am. Fed. Std.
209B at a point 1 metre gbove the floor by
laminar flow. The room has produced partlcle
counts of less than 10/ft¥ for particles greater
than 0.5 micron and is therefore well w1th1n the
requirements of the design brief.

S.4 Air quallty within a-power station turbine
hall

In this final exmaple, the main crlterlon was
Quality of the worklng env1ronment

- The circulation of alr wlthxn a nuclear power

station turbine hall of. oVerall almensxons 180m
A dla—””

long x 35m high x 50m wide: was analysed
grammatlc section through thé turbine hall is
shown in Figure 9. Inlet ducts alpng the lower
boundary and outlet fans alomg the top boundary
provide ventilation for the building. The tur:
bite.machinery (Blocks 1-6 in Figure 9) provide
sources of heat to the hall, and duct-work around
this equipment has been ' represented by flve ver-
tical vents (vents a—e in- Flgure 9). A turblne
hall of rectangular sect1on, that is with a

wall along-line Z-Z in- Flgure 95 was already

in use when the predictiie’ work was done, " from
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~ dimensional computational analysis.

which one could 6btain boundary and calibration
data. The purpose of the work was to see whether
the alteration of building configuration was
likely to cause high air velocities and an asso-
ciated uncomfortable working environment within
the turbine hall.

By using a two-dimensional format, the tur-
bine hall was modelled as though its character-
istics were independent of one of the horizontal
co-ordinates, and vents were used to simulate
the flow around the turbines in between the duct-
work and other obstructions.

A number of CAFE runs were carried out and
the results indicated that air velocities within
the long extension would be uncomfortably high.
A partition wall 'A' was then introduced in the
mathematical model which reduced the velocities
at working levels to under 0.3 m/s at a tempera-
ture of about 20°C. This wall is now under
construction within the turbine hall and it is
hoped that some full-scale measurements will be
taken, when it is completed, that will verify
the predictions.

6 DISCUSSION AND CONCLUSIONS

The four examples given in this paper have de-
monstrated the way in which computational
analysis can be used to assist the traditional
hand calculation methods for the design of
certain types of ventilation conditions in 1ndus—
trial buildings. Hence, a computer program, such
as CAFE does not replace the BS codes and CIBS
and IHVE guidelines, etc; what ‘it does is to
provide an opportunity for more detailed assess—
ment of air movements, temperatures and gas con-
centrations within the enclosed space for situa~
tion in which this information may need to be
known to greater accuracy. The standard code

and guideline calculations can only give bulk
average values but these may be used to provide
input data for CAFE;-as for example in the case
of the stack of coal in the covered stockyard
where natural ventilation flow rates were estim-
ated using the IHVE guidelines.

It should be noted that all the above studies
of veéntilation were carried out using a two-
This was
an adequate procedure to adopt for the type of
informetion required in each case, provided great
care is taken in the interpretation of the
results. It ai¥ flow movements etc. are required
under circumstances in which tliree-dimensional
effects cannot be ignored,)then a fully three-
dimensional computational analysis becomes neces-
sary. The alternative would be model tests or
full-scale measurements, each of which are subject
to their own difficulties, as explained in the
paper. New numerical techniques and more power-—
ful and cost effective computing facilities are
making- three~dimensional computations of complex
turbulent air flows in bulldlngs a real possibil- |
ity. However, con31derable cautlon mubt be exer- .
cised in their use 'as the quallty ‘of the results
still depend on the coarseness of the finite dif-
ference (or finite element) mesh employed and in
the skill of the user in applying it, as well as
on the validity of the turbulence modegl adopted
in order to close the time-— averaged Nav1er—Stokes i
equations. y [ -

The main conclusion to emerge from these and
other similar studies carried out by the authors
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for clients in industry is that the existing
hand calculation methods for determining forced
and natural ventilation flows in buildings are
inadequate for cases where fairly accurate deter-
minations of air flows, temperatures and gas
concentrations are required. Model tests and
full-scale measurements can be extremely valuable
in these situations but it is clear that compu-
tational methods have an increasingly important
role to play in the design of safe ventilation
systems for industrial buildings.
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Table 1 . Summary of the equations solved (Cartesian co-or&inate system)
Equation ¢ P¢ S¢
Continuity 1 0 0
B . 3p , 3 D ndYy 4 9 8w
x-momentum u u ax ¥ ax (¥ ax) 3y (v3d + 37 (u3)
] %, 3 du 2 KRR T
y-momentum v u By + ax,("ay + 3y (u ) 32 (uay)
i 3p, 73 p w3 3v, 9w
z-momentum w " az;+»ax~(“a ,,*'ay;(“az) pir vl Crom
h _+ body forces (buoyar.cy, etc.)
u
Turbulence energy k eff/ak,eff Gk ne ‘
i
. N " . ) -y .
Energy-dissipation & eff/oe.éff (CIGk Czpe)e/k
rate
Stagnation enthalpy ﬂ ’uloh +@ (assuming no rdadiatiofi)
Concentration m 3 u/ oj 0
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Fig6 Predictions of streamlines in clean room
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Fig 7 Predictions of velocity in clean room and comparison with measured velocities
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Fig8 Predietions ofstreamlines-with two filter patels removed
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Fig9 Idealised cross-section of turbine hall of nuclear power station
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Fig 10 Predictions of velocity vectors and temperature‘ contours in turbine hall
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