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ABSTRACT 10 turbulena:; intensity of the air at the supply diffuser. 

Air flow conditions at the supply opening, which are used as 
boundary conditions in a numerical simulation, must be applied 
in order to proceed with the numerical solution of the air flow 
within a room. Among the conditions usually specified are the 
turbulence parameters, including the turbulence kinetic energy or 
the turbulence intensity and turbulent kinetic energy dissipation 
rate. Investigators have used a variety of expressions to estimate 
these quantities. A review of these expressions is presented in 
this paper. The focus of this paper is to assess the influence of 
prescribed turbulence intensity and turbulent kinetic energy 
dissipation rate at the supply diffuser on the computed air flow 
pattern, velocity, and turbulence intensity in the space served by 
the supply diffuser. 

The study indicates that the computed results converge to values 
corresponding to the measured values at a relatively faster rate 
when lower values of the turbulence intensity are used at the inlet 
boundary conditions, but that the final converged solution does 
not seem to be influenced by the value of the turbulence intensity 
for the range studied (4% to 37.4%). Also, computed results do 
not seem to be affected by the value of the inlet dissipation rate 
of the turbulence kinetic energy used at the inlet boundary 
conditions. In the cases studied, grid effects were negligible. 

NOMENCLATIJRE 

A area (m2) 
Co empirical constant 
cp specific heat of air (Jlkg-K) 
Db hydraulic diameter (m) 
g; gravitational. acceleration in xi direction (m/s2

) 

h width of the supply inlet diffuser (m) (Eqn. 11.) 

k turbulent kinetic energy (J/kg or m2/s2
) 

L length of the room (Figure 1) (m) 
Lo characteristic length of the supply diffuser (m) 
n normal coordinate direction 
P pressure (Pa) 
q volumetric heat generation rate r:vY/m3) 

S+ dummy variable as defined in table 2 
t width/height of exit opening (Figure 1) (m) 
u' fluctuating velocity in x direction (mis) 
Ui mean velocity in the xi direction (m/s) 
v.... root mean square velocity fluctuation (mis) (Eqn. 15) 
v' fluctuating velocity in the y direction (m/s) 
w' fluctuating velocity in the z direction (m/s) 
W width of the room (m) 
"i cartesian coordinate direction 
x horizontal distance from the wall where the supply 

diffuser is located (m) 
a thermal diffusivity of air (m2/s) 
~ coefficient of thermal expansion (1/K) 
£ dissipation rate of turbulent kinetic energy (J/kg-s) 
<P dummy variable as defined in Table 2 
r dummy variable as defined in Table 2 
I length scale of turbulence (m) 
A. a constant in correlation Eqn (6) 
v kinematic viscosity of air (m2/s) 
e temperature difference (K) 
p air density 
• time (s) 

Subscripts 
o relating to the supply diffuser location conditions 
e relating to the exit diffuser conditions 

Presented at the ASME Winter Annual Meeting 
New Orleans, Louisiana - November 28-December 3, 1993 



INTRODUCTION 

Air flow conditions at the supply opening, which are used as 
boundary conditions in a numerical simulation, are known to have 
strong influence on the air flow pattern within the room (Nielsen, 
1989). The size, type, and location of the air supply diffuser also 
influence oomputed thermal conditions and air movement in 
ventilated spaces (Mathisen, 1990; Chen et al., 1991; Chen and 
nang, 1992). 

A uniform mean velocity and temperature distribution is usually 
assumed for the air flow coming from the supply diffuser. The 
turbulent kinetic energy, k, and its dissipation rate, e, cannot be 
measured directly. Consequently, investigators have used a 
variety of expressions to compute these quantities from 
measurable quantities. Six of these relationships are reviewed in 
this paper, and are summarized in Table 1. The focus of this 
paper is to assess the influence of prescribed turbulence intensity 
(I.) and turbulent kinetic energy dissipation rate at the supply 
diffuser (20 ) on the computed air flow pattern, velocity, and 
turbulence intensity in the space served by the supply diffuser. 

The turbulent kinetic energy (k.,) at the supply diffuser is 
commonly calculated by: 

(1) 

where 10 is the turbulence intensity of the air at the supply 
diffuser. 10 is defined as: 

10 = u.'/U0 (2) 

For free shear flows, Launder (1990) defined the dissipation rate 
of turbulent kinetic energy (e) in terms of k and the length scale 
of turbulence, I, through: 

e = t!'l/I (3) 

Several variations of Equation (3) have been used to estimate 20 

of air at the air supply diffuser (Table 1). Nielsen (1990) 
recommended the form of Equation (3) to be used for estimating 
20• The turbulent kinetic energy at the supply diffuser, k., is 
calculated by Equation (1) and the turbulence length scale, I., is 
given in terms of the width of the inlet slot diffuser, h, by: 

... = 0.1 h (4) 

Skovgaard and Lemaire (1990) recommended the following 
correlation: 

(5) 

where Cm = 0.09 and 10 = 0.03 Db. Db is the hydraulic diameter 
of the supply diffuser which is given by: 

Db= 4 A. I supply diffuser perimeter, 
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where A. is the cross-sectional area of the supply diffuser. 

The form of Equation (5) is similar to that usually used to 
estimate E at solid wall boundaries. 

Awbi (1989) used: 

(6) 

Where A. is a constant taken as 0.005 and H is the room height 
or the square root of the cross-sectional area of the room. k. is 
estimated by Equation (1) in which 10

2 = 0.14 (1
0 

= 37.4%). For 
10 = 4% and H = room height, Awbi 's correlation gives 2 0 values 
dose to that calculated through the correlation suggested by 
Nielsen 1990 (Equations (3) and (4)). For 10 = 37.4% (1.2 = 
0.14), the calculated value of E0 is three orders of magnitude 
higher than that for 10 = 4%. 

Murakami and Kato (1989) used the following correlation: 

(7) 

where Co is an empirical constant taken as 0.09, k,,=0.005 and 
10= 0.33. The values of k. and f 0 (both dimensionless) were 
obtained from measurements which were non-dimensionlized by 
the inlet velocity, U.2, and the width of the supply diffuser 
respectively. The suggested value of k0, 0.005, corresponds to a 
turbulence intensity of 5.8%. The form of Equation (7) had also 
been suggested by Launder and Spalding (1974). Kurabuchi et 
al. (1990) also used the form of Equation (7). They 
recommended the following empirical values for k0 (m/s)2 and f 0 

(m): 
for a straight duct end or for a nozzle type jet diffuser: 

k. = 0.01 U.2 to 0.03 u.2 

10 = 0.05 Lo to 0.25 Lo. 
for an "anemo type" radial diffuser: 

k. = o.o5 u.2 to 0.15 u.2 

10 = 0.01 Lo to 0.02 Lo, 

(Sa) 

(Sb) 

(9a) 

(9b) 

where U0 is the area averaged inflow velocity (mis) and Lo (m) 
is the characteristic length of the supply diffuser. The 
recommended correlations for k0 in Equation (Sa) corresponds to 
a turbulence intensity in the range 8% to 14% for a nozzle type 
jet diffuser, and in Equation (9a) to a range of 18% to 32% for 
a radial type diffuser. Using Equation (7), the suggested range 
for k0 and e. for a nozz;le type jet diffuser, Equations (Sa) and 
(Sb), results in approximately the same value of E

0 
as obtained 

from the correlations of Murakami and Kato (1989). 

The form of Equation (7) was also used by Lamers and Velde 
(1989). They estimated the turbulence kinetic energy, k., from 
measured fluctuating velocity at the supply diffuser through: 



k.. = (3/2)u.'2 (10) 

where u.'=0.04U0 , according to measurements by Nielsen et 
al.(1978). 

Equation (10) is equivalent to a combination of Equations (1) 
and (2), expressed directly in terms of fluctuating velocity. U0 is 
the area averaged mean velocity at the supply diffuser. The 
expression given above corresponds to a turbulence intensity, 
u.'/U0 , of 4%. Lamers and Velde deduced a relationship between 
the inlet mixing length, e. (m), and the width, h (m), of the inlet 
slot diffuser, as given by: 

~ = 0.1 h/2 (11) 

Values of e. computed using Equations (1) through (11) vary 
considerably depending on the correlation as well as the values of 
k.. and 10 used. The objective of this study was to asses the 
influence of prescribed e. and turbulence intensity (10 ) at the 
supply diffuser on computed air flow patterns, velocity and 
turbulence intensity in ventilated spaces. As noted earlier, the 
effect of supply air momentum and temperature bas been studied 
by others (e.g. Chen and Jiang, 1992 and Nielsen, 1979). 

COMPUTER PROGRAM 

The code EXACI'3, developed by Kurabuchi et al. (1990) was 
used in this investigation. It is a tbree-Oimensional finite 
difference computer program for simulating buoyant, turbulent air 
flows within buildings, using the Boussinesq approximation in 
accounting for buoyancy effects, and the high-Reynolds-number 
k-e turbulence closure approach. It employs a staggered grid 
and a hybrid upwind/central differencing combination scheme for 
the numerical solution. The governing equations can be written 
in the general elliptic form for an incompressible fluid as: 

(12) 

where the parameters q,, r. and s. are identified for each 
equation in Table 2 Wall boundary conditions used by EXACI'3 
are also listed in Table 2. 

A pressure relaxation method is used to satisfy the Poisson 
equation for mass conservation. The governing equations are 
solved by an explicit time marching technique using the marker 
and cell method (Harlow and Welch, 1965). The solution time 
step was chosen to ensure stability. Although the solution does 
involve the solution of a nonsteady equation (12), since the k-e 
model is used, which is already a time averaged model for 
turbulence, the solutions leading to the final converged solution 
are not true time-wise solutions. Consequently, the steps leading 
to the final 'steady' solution are referred to as iterations, and the 
final solution is the converged solution when residuals, based on 
changes between subsequent iterations, are considered to be 
sufficiently small. 
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SIMULATION METiiOD 

The simulation test case described by Nielsen (1990) was 
selected as the benchmark for this study because reliable 
measured data are available for this case. This test case bas been 
used for evaluating various computational fluid dynamics codes 
within the frame work of the International Energy Agency Annex 
20 (Lemaire, 1992). 

Figure 1 shows the configuration of the room used in the 
simulations. The room is equipped with a slot supply air diffuser 
and a slot exhaust opening. The length of both slots is equal to 
the width of the room. Thus the air flow within the room, 
especially in the region of the midpoint along the length of the 
slot diffusers, is approximately two dimensional. The symmetry 
assumption was used and half the room domain was simulated 
using a non-uniform grid of 37 x 34 x 15, as illustrated in Fig. 
2a, with some studies to examine the effect of grid size 
conducted with a 60 x 60 x 15 grid, as illustrated in Fig. 2b. 
Isothermal conditions were assumed throughout The 
computation of all cases was started with guessed fields as initial 
conditions for all variables as specified in EXACI3. The 
changing values of residuals with-number of iterations are given 
in Table 3, for momentum, k and e residuals. Since all three of 
these residuals are reducing with increasing numbers of iterations, 
it may not matter which is chosen to use as the basis for deciding 
oo whether or not the solution had converged In the present 
case, the momentum residual was used. The solution was judged 
to have converged when there are no noticeable changes in the 
first two significant figures of the volumetric root mean square 
(rms) residual of the momentum equation (Kurabuchi et al., 
1990) for about 100 iterations. At the point where the solution 
was accepted to have converged, the volumetric rms residual of 
the momentum equation was 22xl0"'. The computations were 
performed on an IBM 3090 main frame computer system. 

Inlet Boundary Conditions 

The air velocity in the X-direction, (Fig. 1) U0 , at the supply air 
diffuser was set to 0.455 m/s. The lateral velocity components, 
V0 and W0 , were set to zero. This corresponds to a supply air 
flow rate of0.229 m3/s (air density was assumed to be 1.2 kg/m') 
and a supply Reynolds number, Re0 , of 5000 where Re0 was 
defined as: 

Re0 = U0blv (13) 

where vis the kinematic viscosity of the air. 

Specification of the turbulent kinetic energy, k.,, and its 
dissipation rate, e0 , at the supply air diffuser is described later. 

Exit Air Boundary Conditions 

The normal velocity component at the exit, U., was derived 
from the continuity equation: 



u. =A. UJA. (14) 

and the other velocity components, pressure, and normal gradients 
(a/ax) of k. and £0 were assumed to be zero. A uniform 
distribution of variables was also assumed over the exit area. 

RESULTS 

Two grid distributions were examined for selected cases to 
examine the extent to which the solution might be grid dependent 
The overall objective was to examine the effect of inlet turbulent 
kinetic energy, k., and inlet turbulent kinetic energy dissipation 
rate, £

0
, on the final converged solution. The effect of these will 

be discussed next, followed by a brief discussion of the effect of 
grid size and distribution. 

Effect Of Inlet Turbulent Kinetic Energy OsJ 

To assess the influence of prescribed turbulent kinetic energy, 
k_, at the supply air diffuser on room air diffusion, computations 
were conducted for four values of k.· These were calculated 
using Equation (1) and turbulence intensities of 4%, 9%, 14% and 
37.4%. The values 4% and 14% represent those most commonly 
used in work reported in the literature, and the 37.4% represents 
an extreme value in the literature. The 9% value is based on 
measurements by Jouini (19'J2) for an air-light fixture slot 
diffuser. In these computations £ 0 was estimated using the 
correlation given by Equations (3) and (4). 

The turbulence intensity results are presented in terms of the 
root mean square (rms) of the velocity fluctuation (v,_ (or simply 
rms in the figures) = vu'2) calculated as: 

v ..... = o.91vk (15) 

Equation (15) is based on the assumption that v'2 = 0.6 u'2, w' 2 = 
0.8 u'2 , and k= 0.5 (u'2 + v'2 + w'2) (Nielsen, 1990). 

Figures 3 to 5 show the vertical distribution of computed mean 
and nns velocity at x/H = 1 and X/H = 2, for various values of 
10 and at different stages of the solution. The measured profiles 
by Nielsen et al. (1978) are also shown in these figures. These 
measurements were taken using a Laser-Doppler Anemometer and 
a scale model (Re=5000, H=89.3 mm, LIH=3.0, W/H=l.0, 
h/H=0.056, and t/H=0.16; see Figure 1 for notation). At early 
stages of the solution, Figures 3 and 4, computed results in the 
zone close to the wall jet region at the ceiling, x/H = 1.0, 
converge to values corresponding to the measured values at a 
relatively faster rate when lower values of the turbulence intensity 
are used at the inlet boundary conditions. However, the final 
converged solution, Figure 5, does not seem to be influenced by 
the value of the turbulence intensity used. Table 4 shows the 
effect of prescribed 10 (and also t 0) on computation time. 
Computation time for the base-case (10 = 4% and e0 is estimated 
as per Nielsen, 19'JO) was 504 CPU minutes. As can be seen 
from Table 4, computation time increased by about 5% when I0 
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= 37.4% is used, as compared with values of around 4%. 

As can be noted from Figures 3 and 4 for x/H = 2, at early 
stages of the solution, the momentum diffusion is slow in 
reaching locations further down stream from the inlet diffuser 
zone. This should be taken into considerations when selecting 
the monitoring point for the progress of the solution. 

Effect of inlet turbulent kinetic energy dissipation rate (e.) 

To isolate the effect of £
0 

on computed room air diffusion, 
computations were conducted for the same value ofk0 which was 
calculated using Equation (1) and a turbulence intensity of 4%. 
Three values of £0 were considered which were calculated by the 
correlations suggested by Nielsen (1990), Skovgaard and Lemaire 
(1990), and Lamers and Velde (1989). For the same value of k

0
, 

The value of e0 calculated by the Nielsen correlation represented 
the upper limit which was about 5.5 times the value calculated by 
Lamers and Velde correlation. The value of £0 calculated by the 
Skovgaard and Lemaire correlation was slightly higher (about 1.6 
times) than that calculated by the Lamers and Velde correlation. 
Computed results for mean and nns velocity (Figures 6 to 8) do 
not seem to be affected by the · value of t 0 used at the inlet 
boundary conditions. Computation time, however, was slightly 
decreased by about 1.3% when E0 is estimated as suggested by 
Lamers and Velde (1989). 

Figures 9and10 show the velocity distribution in the symmetry 
plane for I0 = 4% and 37.4%, and corresponding £0 values 
estimated by the methods of Nielsen (1990) and Lamers and 
Velde (1989). Figure 9 shows the velocity distribution at an 
early stage of the solution (4000 iterations) whereas Figure 10 
shows the results at the final converged state (35,415 iterations). 
As can be seen from these figures, the air circulation pattern does 
not seem to be influenced by either the value of the inlet 
turbulence intensity or the value of the inlet dissipation rate of 
the turbulence kinetic energy. The growth of the air supply jet 
near the ceiling is the same for all values of 10 and e0 • The 
location of the centre of the circulation vortex is also the same 
for all values of I0 and £0 

Effect of Number of Grid Points 

A series of computer runs was made with the 60 x 60 x 15 grid 
to compare results for one case with those obtained with the 37 
x 34 x 15 grid system, both of which are shown in Figure 2. 
The comparison of the computed mean and fluctuating velocities 
at two axial locations, after 25000 iterations, is shown in Figure 
11. Although there are very slight differences in the results 
compared in this series of graphs, the differences are of the same 
order of magnitude as obtained with the variation in relational 
representation of k and E for the models investigated That is, 
at or approaching the final converged value, the two grids 
investigated gave essentially the same result. 



CONCLUSIONS 

Results of the study indicate that the computed results converge 
to values corresponding to the measured values at a relatively 
faster rate when lower values of the turbulence intensity are used 
at the inlet boundary conditions, but that the final converged 
solution does not seem to be influenced by the value of the 
turbulence intensity for the range studied (10 =4% to 37.4%). 
Also, computed results do not seem to be affected by the value 
of the inlet dissipation rate of the turbulence kinetic energy used 
at the inlet boundary conditions. The momentum diffusion is 
slow in reaching locations down stream from the inlet diffuser 
zone. Consequently, in a solution such as this, it is important to 
monitor the changes talcing place throughout the room before 
accepting the solution as having converged. 
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Figure 1. GEOMETRY AND COORDINATE SYSTEM: 

H = 3.0; LJH = 3.0; WIH = 1.0; 
h/H = 0.056; t/H = 0.16 



Table 1. SUMMARY OF CORRELATIONS FOR ESTIMATING Ea 

Source Formula Parameters 

A= 0.005 
Awbi, 1989 Ea= k0 

312/(AH) k0=(3/2)102LJa2 

H: room height or square root of cross-
sectional area of room ... 

Kurabuchi For duct end, or for a nozzle type diffuser: 
et al., 1990 E0= Coke 312/(lj 

ko = 0.01 Uo2 to 0.03 Uo2 

10 = 0. 05 lo to 0.25 lo 
For an •anemo" type radial diffuser: 

ko = 0.05 Uo2 to 0.15 Uo2 

10 = 0.01 lo to 0.02 Lo 
Lo = inlet representative length scale 

C0 = 0.09 

Lamers & Velda, 1989 k0 = (3/2)u/ 

Ea= q,ka 312/la u0'= measured fluctuating Velocity, 

= 0.04 uo 

10 = 0.1 h/2 

h =width of inlet slot diffuser 

c" = o.o9 

Murakami & Kato, 1989 k0 = 0.005 

Eo= Coke 312/I,, 10 = 0.33 

C0 = 0.09 

Nielsen, 1990 ko = (3/2)102uo2 
Ea = ko 312/la 

10 = 0.04 

f0=0.1h 

h: width at inlet slot diffuser 

Skovgaard & Lemaire, k0 = (3/2)10
2U0

2 

1990 Eo= (C,J31' 3/2/lg 
10 = 0.04 

•o = 0.03 oh 

c" = o.o9 

Oh: hydraulic diameter at inlet diffuser 
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Table 2. VALUES OF ,, r+ AND S+ ASSOCIATED 
Wl"TH EQUATION (12) 

' r. s. 

1 0 0 (Continuity) 

u1 v+v1 (-1/p)aP/aXi - ~90 

e a+ v/o0 q/pcP 

k v + v/ok v, + G - E 

E v + v/o. (C1v1S -C:ze +C3G)e/k 

s = (au1 JaXi - au1 /axJaU1 JaXi 

G = ~g1 (v1 faa)aeJaXi 

Empirical coefficients: 

C11= 0.09, 

ok= 1.0, 

C1= 1.44, 

a.= 1.3, 

Wall Boundary Conditions: 

U" = 0.0 

C2= 1.92, 

Oe= 0.9 

U1 <X y1n, where y is distance from wall 

akJan = o.o 
e = (C/14k:w/Z, where Z is the distance from wall 

surface to centre of the fluid cell 

immediately adjacent to wall 

Table 3. RESIDUAL CHANGE Wl"TH NUMBER OF 
ITERATIONS FOR "THE BASE CASE 
- NIELSEN 1990 

Number of Momentum k E 

Iterations Residual Residual Residual 

4,000. 0.00391 0.12(10"3) 0.18(10"") 

8,000. 0.00248 0.82(10"") 0.53(10"~ 

13,000. 0.00203 0.72(10"") 0.31(10"5
) 

25,000: 0.00038 0.23(10"") 0.90(10, 

35,415. 0.00022 0.12(10-4) 0.24(10, 

7 

Table 4. EFFECT OF PRESCRIBED 10 AND e
0 

ON COMPUTATION TIME 

lo Eo Computation Time 
relative to base-case 

4% Nielsen, 1990 1 00% (base-case*) 

9% Nielsen, 1990 101.3% 

14% Nielsen, 1990 102.2% 

37.4% Nielsen, 1990 105.2% 

4% Lamers & Velde, 98.7% 
1989 

* computation time = 504 CPU minutes 

Grid: 37x34x15 

. ~ ~ .~ 

Figure 2a GRID OF 37 x 34 x 15 AS USED FOR MOST OF 
"THE COMPUTATIONS 

Grid: 60x60x15 

Figure 2b. GRID OF 60 x 60 x 15 AS USED FOR SOME OF 
lHE COMPUTATIONS FOR COMPARISONS 
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