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ABSTRACT

Numerical simulation has been becoming reliable for predicting detailed indoor airflow and
gaseous contaminant distribution under isothermal conditions. However, application to actual cooling
and heating has been restricted, partially due to the uncertainty of deriving wall heat flow from
wall surface temperature. For this repont, a three-dimensional numerical study based on the
k-¢ turbulence model was conducted with wall function method in order to determine the accuracy
and applicability of the current numerical schemes for predicting indoor air distribution and
convective wall heat flows. Calculations were conducted using three types of wall functions and
three different mesh intervals in the vicinity of a wall, and the accuracy of each was evaluated
by comparisons with full-scale-model experiments. It is demonstrated that a wall function which
depends on the turbulence energy at wall adjacent node and takes into account viscous sublayer
thickness produces the most satisfactory resuits.
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INTRODUCTION ;

Accurate evaluation of wall heat flows is an essential part of predicting the air distribution of an
air-conditioned room, because wall heat flows can directly affect indoor air temperature and so
its buoyancy force. Many previous studies have been conducted to develop reliable wall boundary
conditions in order to estimate wall heat flows. Recently, a method which uses extremely fine
mesh in the vicinity of a wall and a turbulence model which takes account of the low—Reynolds—
number effect was presented and applied to flows in simple two-dimensional geometries [Patel
et al., 1984]. This approach directly employs wall surface temperature and velocity as wall
boundary conditions, so it is not necessary to assume their near-wall distributions. In spite of these
superior characteristics, its application to general engineering flows seems to be limited due to the
uncertainty of the low—Reynolds-number turbulence model and heavy computational demands.
Alternatively, the wall function approach, which bridges the gap between wall surface and wall
adjacent node based on the boundary layer theory, is still a practical choice at the present stage of
development.

In this report, airflow and wall heat flow distribution is predicted for an air-conditioned room
using three wall functions. The results are compared with the corresponding full-scale-model
experiments, and the applicability of each scheme is discussed.

FULL-SCALE-MODEL-EXPERIMENTS

Experiments were performed using a full-scale empty room model 3.0 m wide, 3.0 m long, and
2.5 m high. The room model was constructed of insulated boards and a glass sheet to form a
peritheter zone as illustrated in Figure 1. A supply air inlet nozzle measuring 0.15 m by 0.15 m
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TABLE 1 Test Conditions and Total Heat Balances

Mesh 1: 26x32x19. Wall adjacent
mesh interval is 7.5 cm.

Mesh 2: 28x34x20. Wall adjacent
mesh interval is 3.75 em.

mesh_interval is 0.9375 cm.
FIGURE 4 Mesh Layout

sition systems. The test conditions
and the results of total heat bal-
ances are given in Table 1. As
shown in the Table, heat balance
error, 1-(transmisson heat)/(total
convective heat loss or gain) was
within 10% in each case, and thus
the data may be considered ac-
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test C07] CI0] CI5] Ho7] Wiz] H15] curate enough for quantitative
cooling/heating cool | cool | cool | heat | heat | heat | comparisons with simulations of
air change rate (1/h) ] 0 5 1 : 15] ¢ t flow distribution.
Reynolds number (10 ') .9512.78 | 4. .9513.3414.27 hF: wa"-.hea k- L
Archimedes number (10 "¢)] 1.52].6 . 28 .59 1.3741.200 :
transmission heat 550 | 6¢ 80 582 | 6871| 162| CALCULATION PROCEDURE
flows (kcal/h) AND BOUNDARY CONDITIONS
tota} heat( ) 519 | 632 775 542 639 713 | Numerical si]nula(ign,conépond[ng '
loss/gain (kcal/h to the experiment case C10 of
heat balance error (%) 5.9] 5.5] 3.4] 7.41 7.5] 6.9 b_ooling and case H12 of heating,

TABLE 2 Wall Boundary Conditions

OTypeO k:(drh/82)u=0 ,¢&and q:same as Type 1

q : experimental value -
Other boundary conditions are the same as Type. 3
@ Type 1 ( based on Res=Uh/v )
i 7N Re\S B
[f!:':‘r = | LEO/(I nReN™  B<R e\SIN
4B/ (I nRew % 40<Ren

ki gi=Co'2u2 |, ¢ @ ey=ud/lxh)
q: g/ (Crpl=u,2 o, U y) - i&.‘fsﬂ
where o=¢,=07 is assumed.
® Type 2 (based on Re,=v,h/v)
Re, Re.ss
D8t = |50 (n(Re)-36 5<Re.SD
25 In(Re, 4550 3<Re,

Uy :

where v,=Co'/*k,'7?: velocity scale introduced by
Launder & Spalding (1974). $
® Type 3 ( see references [Chien & Launder, 1980] )
Uy 2 ud=xw U T nQwhE/ v+ A=l=xw,d 20/ (101 ]
k, € and q : same as Type 2
turbulent production terms for wall adjacent cell are
stress production : Py=u.'/@kw:h)- L n(l/A)
buoyancy production :
Gi=gBqil-A)/{C,p) ( horizontal wall )
G,=0 ( vertical wall )
dissipation : e=2v Ro/UA NN +Co¥ R>2/ Rx h) - L n(l/A)
where w,=Cy'*k,'7? : velocity scale introduced by Chien &
Launder , ko: turbulent kinetic energy in turbulent region,
2o: viscous sublayer thickness, E : 9.0, empirical constant,
A=zo/(2h): volumeltric share of viscous sublayer at wall
adjacent cell, x : 0.4, Karman constant.
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was conducted by means of the Viollet type buoyancy extended k—¢ turbulence model [Viollet,
1987] and the ABMAC finite-difference procedure [Viecelli, 1971].

As a preliminary part of the study, indoor airflow and air temperature distribution were to be
calculated based on the experimentally determined wall convective heat flows, which were
estimated using the absorption factor method [Gebhalt, 1959] by processing the measured wall
surface temperatures and wall transmitted heat flows, Then, the wall boundary condition was
changed to the wall surface temperature type, and the wall convective heat flows were internally
gener.ated using wall functions. As shown in Table 2, three types of wall functions were
examined to evaluate their applicability to the actual air-conditioning situations.

Type 1 relates local heat transfer coefficient to the resultant velocity component tangential to
walls at wall adjacent node [Kaizuka and Kajiya, 1983, Kurabuchi and Kamata, 1989]. Type 2
is a version of the generalized log-law [Launder and Spalding, 1974, Kurabuchi and Kamata,
1989], and is dependent on the wall adjacent turbulent kinetic energy. Type 3 is a simplified
form of the near-wall model for high Reynolds numbers [Chieng and Launder, 1980, Takemasa
et al., 1990], and the viscous sublayer effects are taken into consideration (for symbols used in
Table 2, see Figure 3). As for the mesh resolution near walls, the three types shown in Figure 4
were tested to evaluate the grid dependency of wall convective heat flows.

CALCULATIONS BASED ON IMPOSED WALL CONVECTIVE HEAT FLOWS

Results of simulation calculations of the cooling and heating air-conditioning cases (C10 and
H12) based on Mesh 2 are shown in Figures 5 and 6 for the representative planes (see Figure 1),
where calculated velocity vectors are presented and temperature profiles at measured locations
are compared with experiment results. ~ According to the airflow pattern of the cooling case
(Figure 5(a)), the downward cold jet together with the upward buoyant convection near the glass
surface forms a large anti~clockwise recirculation. In the heating case (Figure 6(a)), a hot radial
wall jet after impinging the floor is pushed back by the cold draught down the glass surface and
forms complicated airflows near the floor. Unfortunately, there are no data with which to
compare them. Indoor air temperature is slightly underestimated by about 0.1 in the upper part
of the room in the cooling case (Figure 5(b)), and is overestimated near the jet region in the
heating case (Figure 6(b)). However, the general features of indoor air temperature distribution
are well reproduced.
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FIGURE 5 Calculated Results Based on Evaluated Wall Convective Heat Flows (C10, Type 0, Mesh 2)
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FIGURE 6 Calculated Results Based on Evaluated Wall Convective Heat Flows (H12, Type 0, Mesh 2)
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CALCULATIONS BASED ON WALL SURFACE TEMPERATURE

Calculations were carried out for Mesh 2 (see Figure 4) based on the measured wall surface
temperature and wall functions. The simulated wall heat flow distributions of each wall function
are summarized in Table 3 (1),(2),(4) for the cooling case, and Table 4 (1),(2),(4) for the heating
case. In this Table, total convective heat flows through each wall, ceiling and floor are presented
as a relative magnitude to the measured total heat loss or gain and are compared to the values
obtained in experiments.

The experiment results indicate that the ceiling heat flows are markedly different between the
heating and the cooling cases. The total heat flows of the heating case are almost three times as
large as the cooling case, apparently due to the different heat flow direction. Type 2 and 3 wall
functions reproduce this trend, at least qualitatively. In Type 1 results, no noticeable difference
is observed between the heating and cooling cases. This discrepancy is probably due to the

TABLE 3 Calculated and Observed Wall Convective Heat Flows (C10)

ceiling | floor | east west south lass | total

experiments 4.8 28. 6 3.1 2.3 10. 7 30.5 100.0

(1) Type 1, Hesh } 10. 1.8 0.5 0.5 9.3 27. 8 85.9

(2) Type 2, Mesh 2 8. 6 3.3 10. 10. 2 11.0 27.3 90. 4
(3) Type 3. Mesh 10. 8 1.8 10. 8 0. ¢ 10.0 28. 1 92. 4
(4) Type 3. Mesh 2 7.4 2. ¢ 10. 4 0. 4 0.2 33.0 93. ¢
(5) Type 3, Mesh 3 6.9 21.% 11.1 1.1 12.0 34.8 97.

TABLE 4 Calculated and Observed Wall Convective Heat Flows (H12)

ceiling | floor | east west south | glass| total

experiments 16. 3 21.4 12. 17 12.0 12.0 25.5 100.0

(1) Type 1, MWesh ¢ 11, 1.3 8. 8.5 9.2 21.9 77. 0
2) Type 2, Mesh ! 13. ] 25. 8.7 8.7 10. 21.1 87. 6
(3) Type 3, Mesh 13.2 23. 9. 9. 10. ¢ 23.6 89.0
(4) Type 3, Mesh 2 3. 23.5 8.2 2 10. 1 25. 4 9.0
(5) Type 3. Mesh 3 3.2 . 4 1.0 27. 2 9.4
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absence of the buoyancy «fect in the near-wall model in Type 1. Underestimation of heat flows
in Type 1 is also apparexx in the impinging region of the floor for the cooling case. This
disagreement is caused 5w the small radial component of velocity near the center of jet
impinging. On the other kand, the results of Type 2 and 3 are in good agreement with the
experiment results, and these suggest the possibility of the local convective heat transfer coefficients
being well correlated with e trbulence energy. As for the total heat loads, Type 3 gives slightly
better agreement than Type 2, with Type 1 a poor third.

Grid dependency tests wer> made only for the Type 3 wall function. The simulated heat flow
results of three mesh layous are summarized in Table 3 (3),(4),(5) for the cooling case and Table
4 (3),(4),(5) for the heatirg case. The calculated total heat loads are slightly smaller than the
experiment results, ranging from 89 to 97% of observed values. As the wall adjacent mesh size
becomes smaller, closer mreement with the experiment results is obtained both for the cooling
and heating cases. However, the convective heat flow calculated by Type 3 is not greatly
sensitive to the near-wall mesh size because the variations of mesh sizes ranging from 7.5 cm to
0.9375 cm provide different total heat loads of 4.8% and 0.4% for the cooling and heating cases,
respectively. This suggesws that the volumetric share of a viscous sublayer at a wall adjacent cell,
A (=z,/2h) taking values of 0.1-0.3 for Mesh 2 and 0.6 for Mesh 3, effectively dumps excessive
amounts of turbulence production for fine mesh cases. Calculated velocity vectors and
temperature distribution for the finest Mesh 3 are presented in Figures 7 and 8. The velocity
vectors shown in Figures 7 and 8 are in close agreement with those in Figures 5 and 6. The air
temperature distribution of the cooling case also shows good agreement with Figure 5 and with
the experiment data, but slight overestimation is observed in the heating case caused by the total
heat load error.

Calculated distributions of convective heat flow, q kcal/m*h, are shown and compared to the
experiment data in Figures 9 and 10 for the cooling and heating case, respectively. Convective
heat transfer coefficients, a, kcal/m’h°C as defined in the following equation, are shown in

Pl‘igures 11 and 12 for the cooling and heating case, respectively.

; ac= q/ Oy 0.) ;
where, 6y, is wall surface temperature and ,,, is volumetric mean temperature of room air.

The heat flow distribution of ceiling is fairly uniform, taking values of 10 kcal/m’h in the heating
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case and much smaller values in the cooling case, typically 3 kcal/m*h. These differences are
responsible for the heat flow direction as mentioned earlier. In the vertical insulated walls, lower
portions take larger heat flows than the upper portions, being affected by the radial wall jet
formed close to the floor. The heat flow distribution in the glass surface is nearly uniform in the
heating case, which is characteristic of natural convection over a cold plate. In the cooling case,
however, the radial wall jet reaches the glass surface so the lower portion takes larger heat flow.
Nearly circular heat flow contours are observed in the floor irrespective of the heating and
cooling cases, and the largest values occur near the center of jet impinging. The results of
calculations show satisfactory agreement with the corresponding experiment data.

Calculated convective heat transfer coefficient o, for the ceiling is typically 1.0 kcal/m*h°C in
the cooling case, and is much smaller than in the heating case. It ranges from 2.0 to 5.0
kcal/m*h°C. @ in the vertical walls, including the glass surface, taking larger values in the
cooling case than in the heating case especially in the lower portion of walls. The extremely
large o near the exhaust outlet probably originates from the poor representation of the normal
turbulent stress inherent in the k—¢ turbulence model. This problem is to be overcome by
changing to a more sophisticated turbulence model. Almost constant distribution is observed on
the glass surface in the heating case, reflecting uniform heat flow distribution. o on the floor
decreases with distance from the jet impinging center, and the cold draught in the heating case
results in markedly small @, in the vicinity of the glass surface.

Although the limited number of measuring points preciude detailed comparison, the simulated
o, distribution appears consistent with the present experiments and other available data,

CONCLUSION

Numerical simulation of air distribution and wall heat flows of an air-conditioned heating and
cooling room was conducted by means of the k-¢ turbulence model and wall functions. The
preliminary simulation based on the imposed wall heat flows shows the fundamental applicability

of the turbulence model to buoyancy-affected indoor airflows. Three types of wall functions
were tested for predicting wall heat flows, and the results produced by the wall function which
depends on turbulence energy at wall adjacent node and takes account of viscous sublayer
thickness (Type 3) are in the most satisfactory agreement with the corresponding experiments.
These suggest the strong possibility of accurate numerical prediction of indoor air distribution as
well as wall heat flows with a proper combination of turbulence model and wall function.
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