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HIGH AND LOW REYNOLDS NUMBER MEASUREMENTS IN A ROOM WITH
AN IMPINGING ISOTHERMAL JET

M. Skovgaard, C. E. Hyldgaard, and P. V. Nielsen
University of Aalborg
Aalborg, Denmark

SUMMARY

The present paper, which is within the work of the IEA - annex 20, presents a series of
full-scale velocity measurements in a room with isothermal mixing ventilation. The
measurements are in the Reynolds number range 1000 - 7000 based on inlet dimensions.
This means that a transition from laminar to turbulent flow is occurring. The
measurements which have been carried out are: measurements of the change in effective
inlet area, wall jet measurements (both Cartesian and radial approach), measurements
of mean velocities and rms values in the occupied zone and measurements of low
Reynolds' number effects. Further, all measurements are made at different air change
rates. The velocity profiles have been normalized and it has been analysed if the
measured velocity distribution can be represented as a wall jet. An extensive analysis of
the low Reynolds number phenomenon is made.

NOMENCLATURE

Area. [m?]
Constant for determination of velocity

in the occupied zone.

Constant in growth of jet width.

Function for determination of velocity

in occupied zone. (f; = u,,/up).

Function in the radial wall jet decay.

Constant in the decay of a wall jet.

Function in the decay of a radial im-

pinging jet.

Length of the room. [m]
Air change rate. [1/h]
Radius. [m]
Reynolds' number.

Velocity. [m/s]
Distance from inlet wall. [m]
Distance to virtual origin. [m]
Distance from floor. [m]
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Subscripts:

Diameter of nozzle in the inlet device.
Distance L from inlet wall

Inlet, effective.

Maximum in the occupied zone.
Maximum in radial direction.
Maximum in x - direction.
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Greek:

a Slope in double logarithmic coordinate system

¢ Angle in the (xy) - plane. [°]

6 Angle in the radial direction. [°]

0 Width of wall jet. [m]

Y Kinematic viscosity. [m?/s]

1. INTRODUCTION

Calculation and dimensioning of mixing ventilation systems are traditionally made by a
number of simplified models, Nielsen [1]. The models are based on the theory of the
three-dimensional wall jet because large parts of the air distribution often can be
described by this type of flow. Measurement has been made by different authors and
additional measurements are reported in this paper. In the simplified models the throw
and penetration depth of the jet are the important parameters for determination of the
maximum velocity in the occupied zone.

The decay of the center line velocity in a three-dimensional jet is given by Nielsen [1],
[13]
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and the maximum velocity in the occupied zone is also given by Nielsen [1] for three-
dimensional flow and in [9] for two-dimensional flow. For three-dimensional flow:
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It is possible to incorporate a possible Reynolds number effect in this model by taking
the change in a,, K, and f; into account. This is not done in most cases but it will be seen
that the variation in e.g. a, can be quite significant. Equation (1) can be used for values
in the mean plane. The flow outside the symmetry plane will often have some radial
components. This can be described as done by Belfaos [2]. The inlet flow is regarded as
a radial impinging jet and Beltaos [2] found the following expression
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In order to incorporate the virtual origin and the effective inlet area the following
approach is used
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The three-dimensional wall jet eq. (1) is identical to the radial approach for 8 = 0 and
constant ¢.

An alternative and rather new approach for determination of the velocity field in a
ventilated room is by solving the governing equations which in the isothermal case are
the 3 Navier - Stokes equations, the continuity eq. and a turbulence model for closure
where the k,e - model is the most commonly used (see e.g. Gosman et. al. [11]), even
though other higher order models seem more promising for recirculating flow (see e.g.
Benocci et. al. [12]).

The method requires knowledge of the boundary conditions. Because of the very
complicated inlet geometry which will require too high a discretization for practical use
empirical investigations are still of highest importance. Another important problem of
this method is the lack of ability to predict low Reynolds' number effects which has been
noticed e.g. by Nielsen et. al. [4] or Murakami et. al. [8] and being elaborated in this
paper. The promising thing about this method is the fact that it is able to predict a very
detailed flow pattern in complex geometries and, therefore, a powerful design tool.

2. EXPERIMENTAL SETUP

The test room is shown in fig. 1. The inlet device is of the HESCO - type
(KS4W205K370) where the flow can be adjusted to any kind of three-dimensional flow
structure (see ref. [13]). This feature is typical for modern inlet device design. The
diffuser consists of 4 rows with 21 nozzles which independently can be adjusted to
different directions. For this purpose all the nozzles have been adjusted to an angle of
¢ = 40° (fig. 2). The purpose of this paper is to give a general idea of the flow field in
a room with a mixing type of ventilation, to present measurements which can evaluate
the "simplified model" approach (P.V. Nielsen, [1]), to evaluate a new kind of simplified
approach for description of the flow field by means of an impinging turbulent jet (S.
Beltaos. [2]) and to evaluate and detect the isothermal flow dependence on the Reynolds
number (the low Reynolds number effects) which has also been pointed out in P.V.
Nielsen and A.T.A. Moller [3], [4].
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The general flow field was established by smoke experiments. To fulfil the main goals
velocity measurements had to be carried out in the center line of the room, in the lower
part of the room (the occupied zone) and at different locations of a semicircle around
the inlet device. All measurements were performed at different air change rates. The
measuring locations are listed in fig 3. Ball probes (Dantec 54N10) were used for
measurements below the ceiling and hot wire (Disa S6N24) for measurements in the
occupied zone.

inlet

exhaust

measurements in m

Figure 1: Sketch of the full-scale test room facility.

Figure 2: Close-up of the HESCO inlet device. The diffuser consists of 4 rows with 21
independently adjustable nozzles.



X y") z num. of air change int. time ref
[m] [m] [m] measurem. rates [1/h] [s]
0.6  2.365- 00 80 1,2,3,4,6,8 90 1
1.575
14 2.365- 0.0 80 1,2,3,4,68 90 2
1.575
22 2.365- 0.0 80 1,23,4,6,8 90 3
1575
3.0  2.365- 00 80 1,2,3,4,6,8 90 4
1575
4.0  2.365- 0.0 80 1,2,3,4,6,8 90 5
1.575
0.71 2.365- -0.71 80 1,234,688 90 6
1.575
1.0 2.365- 0.0 80 1,2,34,6,8 90 7
1.575
0.71 2.365- 0.71 80 1,2,3,4,6,8 90 8
1.575
1.06  2.365- -1.06 80 1,2,34,68 90 9
1.575
1.5 2.365- 00 80 1,2,3,4,68 90 10
1.575
1.06 2.365- 1.06 80 1,2,3,4,68 90 11
1575
3.6 0.0 23 1,1.5234 960 12
6,7,8
3.0 00 23 1,1.523,4 960 13
6,7,8
24 00 23 1,2,3,4,5, 960 14
6,7,8
1.8 00 23 1,2,3,4,5, 960 15
6,7,8
12 00 23 1,2,3,4,5, 960 16
6,7,8

*
) The upper bound of the y coordinate includes the location of the maximum velocity.

Figure 3: Data from the measurement sequence. Re = (Vaguy)/v = [7500..57000] or

(dug)/v = [1000..7000].




3. ANALYSIS AND RESULTS

The measurements of the effective inlet area, a;, were performed at 10 different
locations (10 different nozzles) spread over the diffuser area in the Reynolds number

range 625-9700. The results are depicted in fig. 4.
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Figure 4: The effective inlet area as a function of the inlet velocity.

As it can be seen the a; area is not a constant but an increasing function in the Reynolds
number due to the transition from laminar to turbulent flow through the nozzles. The
curve has a minimum which is referring to the transition point. This transition is at Re,
equal to 2000 which corresponds to the assumed critical Re for a tube. The large a,
value for n = 0.5 h™ may be explained by asymmetric flow in the opening or by
geometrical effects within the diffuser.

For the total flow in the room the essence of fig. 4 is very important. It means that the
flow even though it is turbulent has a dependency of the supply velocity which can be
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interpreted as an initial laminar effect. This means that a precise calculation of the flow
field is a very difficult task (Murakami et. al. [8]). The measured velocity profiles close
to the ceiling are shown in fig. S for the plane z = 0.0 at different x locations (ref. 1, 2,
3, 4, 5 in fig. 3). The profiles have a self similar form for the different supply velocities
and the decay is very close to the decay of a universal wall jet. This fact is the reason
why the traditional "simplified model" approach has been extensively used for designing
inlet devices for mixing jet ventilation systems (see next paragraph).

3.1 Analysis related to the wall jet approach

The velocity distribution in front of the diffuser has a self similar profile at different air
change rates which is typical for a wall jet. Another typical characteristic for the
turbulent wall jet is the width 6 which is proportional to the distance from a virtual
origin (Rajaratnam [5]). For the xy plane the following relation is valid.

8 = D (x+xy) (6)

From fig. 6 it is seen that D, is found to be 0.08 and x, is 0.45 m.

Rajaratnam and Pani [5], [6] found the value of D, to be 0.09 - 0.1 and the virtual origin
was located 20 times the height of the inlet height behind the inlet in the xy - plane in
the case of a bluff wall jet.

In the case of a radial impinging jet Beltaos [2] found an average value of D, equal to
0.079. This indicates that the approach with modelling the inlet conditions by means of
a radial jet so far seems to be promising.

3.2. Analysis related to the "simplified model"

In the simplified model approach the determination of the K -value and the linearity of
the velocity in a point as a function of air change rate are essential assumptions. If we
assume that equation (1) is valid, which means that we a priori neglect the initial low
Reynolds number effect due to the transition of the flow through the nozzles, we can
expect that u /u, as a function of (x+x,)/¥a, will be a straight line in a logarithmic
coordinate system with the slope -1. Fig. 7 shows that the slope is near -0.5 which is
typical of the decay of the center line velocity in a two-dimensional jet. Then a region
follows where the decay of the velocity is near the decay of a three-dimensional wall jet
(Trentacoste and Sforza [7]). Near the end wall the decay of the velocity is increasing due
to the geometrical extension of the room.

Fig. 8 shows the maximum velocity at 5 different yz-planes (ref. 1, 2, 3, 4, S in fig. 3) as
a function of the air change rate. The figure shows the effect from the inlet device very
clearly since the maximum velocity is larger than expected for low air change rates with
fully developed turbulence. If one follows the development of the maximum velocity for
air change rates 1 and 2 h™ one can see that it is decaying faster than expected. This
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means that there is an additional effect which contributes to the decay of the velocity in
the low Reynolds number area.

u -velocity x-distance
from inlet
1.0
0.0 4.0
- 3.6
2.0 H
1.0 -3.2
0.0
2.8
2.0 1
2.4
2.0
2.0 4
-1.6
1.2
0.8
0.4
T T T T T 0.0
2.4 2.0 16 12 0.8 0.4 0.0
y - distance from floor

Fig. 5: Measured velocities in the z = 0.0 plane for different downstream locations in the
parabolic flow region. Absolute velocity profiles for n = 2, 4, 6 1/h.
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Fig. 6: The width 0 in the xy - plane as a function of x. D, is found to be 0.08 and x,_
is found to be 0.45 m.
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Figure 7: Measured decay of the center line velocity for n = 1, 2, 3, 4, 6, 8. The K-
value is found to 5.2 forn = 1 and 4.2 forn = 2, 3, 4, 6, 8.
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O location nr. 1
0O location nr.2
3.0+ A location nr.3
v location nr 4
X location nr. 5

Figure 8: The center line maximum velocity for different air change rates located at ref.
1,2, 3, 4, 5 in fig 3.

3.3 Analysis related to the impinging jet approach

Up
/ O location nr. 6
+ location nr. 7
3.0 O location nr. 8
A location nr. 9
¥ location nr.10
X location nr.11
2.0
1.0
0.0+ T T T T T T T T
0 1 2 3 4 5 6 7 8 n

Figure 9: The maximum velocities at 8 = 0° and = 45° as functions of the air change
rate. ¢ = 40°

Fig. 9 shows the maximum velocities for different air change rates and different 8's. This
figure shows that the decay of the velocity is linear and that the velocity in the inlet flow
is symmetric around the center line.
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Beltaos [2] found by means of the x - theorem that u,/u, plotted against r/d for fixed ¢
and 6 should result in straight lines and the slope should be reciprocal to K, in eq. (3)
for high Reynolds' numbers. Since this paper is testing the approach in (5) uy/u, is
plottet against (r+x,)/¥a, As it can be seen in fig. 10 there is a distinct difference
between 6 = =45 * and 6 = 0°. It is also seen that the slope of the interpolated lines
is difficult to estimate precisely because the geometrical extension of the room makes
it impossible to obtain measurements in the range (r+x,)/¥a, = [20..50] which is the
interval where the slope can be measured unambiguously (Beltaos [2]).

Using the approach from the previous paragraph the K(¢,0) is measured to 4.2 for 6
= 0and 1.1 - 1.5 for 6 = =x/4.

Ur
Yo
1.00

0.70

0.50
0.40

0.30

0.20 +

0.10 A

0.07

0.05 A MR S

Q=400 n=6
| G -— 9 =00, q):LOAOf’ n=a
-——---s ©:00, @=400° n=1 o

0.03 4
O 6= 450, @=4007 n=3
v 6=-450, @ =400° n=3
0.02
| 6= 450, P:AO.O,° nz6
¥ ©6=-450, P:40Q° n=6

re+ XO
0.01 T T T T T T T T T T T =S
1 2 3 & B 7 10 20 30 40 50 70 100 o

Figure 10: The decay of the maximum velocity for different air change rates at different
0 values. The K(40,0) is found to be 4.2 and the k(40,+45) is found to be 1.1-1.5.

We are now able to perform a comparison between the K;(¢,0) obtained by Beltaos [2]
and the present K(¢,8). This is done for high air change rates (3 - 6 h™) in fig. 11. When
performing this comparison one must remember that the K,(¢,0) - values obtained by
[2] are the case of a single circular jet impinging on a smooth wall where no geometrical
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restrictions of the flow are present. In the present case the flow from the inlet device is
not a well defined circular jet and the flow is confined by walls. Nevertheless, the outline
of the present K(¢,0) - values is a pronoun statement of the elements of the 3d - wall
jet and the radial impinging jet in the inlet flow.

K4(40,8) and

present measurements

————— Beltaos

Figure 11: Comparison of the two K - values found in a circular impinging jet and in the
inlet flow from a HESCO diffuser.

3.4 Analysis related to measurements in the occupied zone

If we follow the assumption that the flow pattern in a ventilated room is fully turbulent
- independent of the Reynolds number and disregarding the initial low Reynolds number
effects - eq. (2) will be reduced to

u_ =cn @)

It is shown in paragraph 3 that this expression is not valid if the inlet device is designed
so a laminar to turbulent transition is occurring in the used velocity range.

It has also been shown that even if the velocity profiles have the wall jet characteristics
of self similarity (fig. 5) and linear growth of width (fig. 6) there is an influence from the
flow rate on K, (fig. 7). This indicates low Reynolds' number effect. The effect becomes
more evident if the recirculating flow in the occupied zone is examined.
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Figure 12 shows that the self similarity of the velocity profile dissolves at a certain point
in the recirculating flow depending on the air change rate.

Fig. 13 shows the velocity as a function of the air change rate. The figure illustrates the
validity of eq. (7). It is seen that the equation is valid for high air change rates. The
validity range in terms of n is different for different x - values but in terms of velocity the
validity range seems to be u > 0.10 - 0.15 m/s. The effects of low turbulence are
significant below this velocity level. These effects of low Reynolds' number which are
directly coupled to the room are not included in the two parameters mentioned above.
For this room effect a third parameter is needed the f; parameter in (2). It is possible
to estimate this parameter which has been done in fig. 14 and depicted in fig. 15.

a=z1h"
oz=b h'1
o =8h”!
velocity 0 05 0 05
— —
0 05 0 05 0 0.5 y
7 ! | I i
i ! I
i ; |
! I 1 0.5
o | !
|
{ ~ 0.4
|
end wall / I L 0.3
/ :
/ | - 02
2 i '
7
| ; - 0.1
[} 1
| :
! ' 0.0
X 4.2 36 30 2.4 18 12 00

Figure 12: Velocity profiles in the occupied zone at different x distances from the inlet.

It is clearly seen that even if the changes in the inlet conditions are taken into account
there is a distinct influence from the low Reynolds number flow in the room -
corresponding to the change in f,.

Urm and u

x=36, y=003 z
x=30, y=003 z
x=2.4 y=003 z
x=18,y=003 z
x=12,y=003 2z

05

a
X
a
v
(e]

Wy
cooooo

Figure 13: The maximum velocity in the occupied zone at different locations as a
function of the air change rate. All measurements are in the mean plane.
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nou, uy KV (Ltx) fi  Af

1 0 13 52 0089 465 0  +0.15
2 01 24 45 0091 4.65 047 +0.09
3 016 35 42 0.093 4.65 054 +0.07
4 022 46 42 0095 4.65 0.56 =0.05
5

6 033 67 42 009 4.65 0.57 +0.03
7

8 044 90 42 0096 4.65 056 +0.03

Figure 14: Estimation of function f; The values of u_, u,, K,, a, and x, are taken from
fig. 13, 4, 7, 4 and 6. The value Af; is due to measuring inaccuracy of u = 0.02 m/s.

At low air flow rates even a very small temperature difference may result in a significant
buoyancy effect. This effect has been tested and the non linearity in fig. 13 or the
variations in f; do not contain any influence from buoyancy forces due to the restricted
level of temperature difference which was obtained during the experiments.

\
\

0:x=36, y=0.03 z=00 [m]

% <0125 (°C/m]

Figure 15: Estimation of the function f;(n). Calculated from the maximum velocity in the
occupied zone.

4. CONCLUSION

1. The inlet flow from a typical diffuser seems to have elements from both the three-
dimensional wall jet and an impinging jet.
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Even though the velocity profiles in front of the diffuser are self similar a low
Reynolds number effect is shown as decreasing K, at increasing air change rate n.

Low Reynolds' number effects are present in the velocity field if the air change rate
is in the range of 0 to 3 - 4 which is exactly the range of practical interest. In the
occupied zone the influence of the low Reynolds number effects seems to be
significant in the velocity range 0 - 0.15 m/s which is also the range of velocity one
usually would tolerate in the occupied zone in e.g. an office.

The low Reynolds number effects seem to arise from two sources: The change in the
inlet flow and change in the flow structure in the room. The effects from the inlet are
very important to take into account in both the simplified models and the numerical
simulations because the flow field in the room is driven by the inflow momentum. The
effects from the room are difficult to take into account in both models. In the
simplified model because there the function f;(n) is difficult to obtain in all
geometries at different air change rates. In the numerical simulation there is no
suitable low Reynolds' number model available.
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APPENDIX

In the paper it was shown that the inlet flow was symmetric around the center plane.
This is not the case for the lower part of the room. The figure shows some additional
measurements made across the room in the occupied zone. It is clearly seen that one
cannot expect the flow to be symmetric even if the boundary conditions are symmetrical.

a) ?

1.20 E

020 -:- \//n ;

000 F=22 — \ it

F ; - s -—1t  000F=
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Figure 16: Hotwire measurements of the velocity in the occupied zone. A symmetrical
flow is observed. a) mean velocity b) turbulence level.
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