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M easurement of Turbulence Characteristicsin a Large Scale Fan-
Stirred Spherical Vessel

Particle Image Velocimetry, PIV, is employed to characterise the near-
homogeneous, isotropic, turbulence generated inside a large spherical vessel by
four rotating fans. Spatial and temporal distributions of mean and root mean
square, rms, velocity fluctuations are investigated, as well as integral length
scales[, Taylor microscales}, and Kolmogorov length scaleg,in the fan speed
range, 1,000-6,000 rpm. Mean velocities are about 10 % of the turbulence
velocity,u’ and turbulence is close to homogeneous and isotropic in the central
volume. This volume decreases with increasing fan speed, and its radius and other
characteristisare expressed in terms of the fan speed. At each speed, the mean gas
velocity scarcely vadswith time. Relationships are presented for the variations of

u’ andL with fan speed, temperature and pressure. A new relationship between the
autocorrelation function and integral length scale is obtained, for Wingdor’s

hypothesis is invalid.

Keywords: Fan-Stirred Vessel; Turbulence; Homogeneous & isotropic flow;
Length scales

1. Introduction

Not infrequently, it is convenient to suppress high convective velocities, in order to
facilitate experimental studies of the influences of turbulence on such phenomena as
phase changes, chemical reactions, generation of sprays, and flame prop&gation.
suitable vessel contains the turbulent liquid or gaseous mixture, with turbulence generated
by one or more rotating fans. The detail that can be revealed in such a fan-stirred, probably
spherical, vessel is also valuable, when considered in parallel with direct numerical
simulations of the effects of such turbulence. Useful generalisation can be achieved for
turbulence that is homogeneous and isotropic, and this has been widely discussed [1,2]
The mean flow should be minimal, with spatial and temporal uniformity of the rms

turbulent velocity, u', and turbulent length scale, with near-Gaussian turbulent velocity



probability density functions, pdfs, all with good control, quantification, and
repeatability.

The use of fans to control the turbulence, in a mixture initially at rest, was
pioneered by Schlossing and de Mondesir in 1864, see [3]. Some stages in the sequential
development of this technique are indicated in Table 1, along with details of the different
vessels. Semenov ][4howed that four identical, eight-bladed fans, symmelyical
disposed within a closed volume, rotating at the same speed, generated a central region
of uniform isotropic turbulence. Sokolik et al. [9] employed this technique, in a vessel of
about 97 mm radius and rms velocity of up to 10 m/s, with pressure records and flame
photography, to measure turbulent burning velocities. Andrews et al. [3] employed a
cylindrical explosion vessel, with fan speeds up to 5,000 rpm and rms turbulent velocities,
u’, up to 4 m/s. Hot wire anemometry confirmed a high degree of isotropy. Abdel-Gayed
et al. [10], in measuring turbulent burning velocities, used laser Doppler velocimetry to
measure:’, and the turbulent length scales.

Hwang & Eaton [1] created an approximately spherical Plexiglas chamber, with
homogeneous, isotropic turbulence, generated by eight synthetic jet actuators. Two-
dimensional particle image velocimetry, PIV, measured turbulent rms velocities of 0.87
m/s, corresponding to a Taylor microscale Reynolds nunijef 218. Bradley et al.
[11,12] showed the turbulent burning velocity and flame wrinkling rate to depend on
turbulence statistics, such a$ and the turbulent length scales. The consistency of
turbulent burning velocity measurements relies on the ability to attain near- isotropic and
homogeneous turbulence, with well-defined turbulence statistics. More recently, Weil3 et
al. [7] have employed a stainless steel cuboid vessel of 22.28 litres capacity, with eight
variable speed fans. Turbulence characteristics were measured by both laser Doppler

velocimetry, LDV, and PIV. Values af measured by PIV were up to 30% smaller than



those measured by LDV. Ravi et al. [2] employed four impellers, with different
geometries, in a cylindrical vessel and measured rms turbulent velocities between 1.2 and
1.7 m/s, using PIV. The high repetition PIV measurement technique yields more reliable
temporal and spatial data. Xu et al] Bnployed a cubic explosion vessel, with two
opposed four bladed fans, giving maximum values of 1.6 m/s at 2,900 rpm.
Characteristics were measured with PIV, and three sheet velocity fields were measured
to reconstruct the 3D boundary of the homogenous region.

In the case of combustion studies of spherical explosions, the vessel and windows must
be large enough for a stable flame to be established and observed at near constant
pressure. Also, ideally, the subsequent onset of flame instability as the stretch rate
decreases, should be observable. Table 1 shows the current vessel to be relatively large,
with large u'.

The present paper provides background data for the design of such vessel, and
also reports the detailed use of high repetition rate PIV to generate information about the
turbulent velocity maps in the vessel and assess the turbulence data, for dry air in the
absence of phase change and chemical reaction. First, spatial and temporal fluctuations
of the mean velocities and rms velocities are presented at different fan speeds, in the range
1,000-6,000 rpm. The mean velocity within each interrogation area is shown to be almost
negligible compared with'. After describing the experimental approach adopted, the
sequential detailed coverage is:

(). Determination of the extent of the central homogenous volume of isotropic turbulence
at different fan speeds.

(i). Derivation of the probability density function of velocity fluctuations normalised by
the local rms value.

(iif). Measurement of turbulent length scales as a function of fan speed.



(iv). Effects of pressure and temperature changes of the air on rms velocities and turbulent
length scales at different fan speeds. relationship is developed between the
autocorrelation function and integral length scale and presented, for conditions when

Taylor’s hypothesis is invalid.

2. Thefan-stirred vessd

The measurements were made in a spherical stainless steel explosion vessel with an inner
diameter of 380 mm. The vessel has three pairs of optical flat and non-conformal quartz
windows of 150 mm diameter, allowing a full visualisation of the centre of the chamber.
Four identical fans, each powered by an 8 kW three phase electric motor, are located close
to the wall of the vessel. These are arranged in a regular tetrahedron configuration, in an
attempt to optimise homogenous, isotropic turbulence, as shown in Figures 1 and 2. Each
fan has 8 blades, of about 75 mm length, and these are about 72 mm apart at their edges.
They werecontrolled by individual solid state variable frequency convertors, with a speed
control range of 200-10,000 rpm (3.3-176 Hm)jncrements of 20-30 rpm. [Figures 1

and 2 near here]

Two pressure transducers were mounted flush with the inner surface of the vessel
wall, one for static, and the other for dynamic measurements in explosion studies. Only
the static transducer was used, to study the effect of pressure on the turbulence
characteristics. The vessel could be heated by an internal 2 kW coiled heating element,
attached to the inside of the access cover. The temperature was set, controlled, and
displayed by a PID controller, (CAL Controls, CAL3200) mounted in the control panel,
using feedback via a K-type thermagle (25um chromel-alumel wire). At a fan speed
of 10,000 rpm, the dissipation of energy increased the temperature of the air at 0.1 MPa

by 3 K.



A high repetition rate double pulsed Nd:YAG laser (DM60-DH, Photonics), is
employed to generate pulses of 12 mJ at a wavelength of 532 nm at 5 KHz. The laser
beam is expanded into a vertical sheet of about 0.5 mm thickness, in passing through the
centre of the vessel, where it uniformly illuminates the dispersed seeding particles of olive
oil, < 1um diameter, generated by six jet atomisers (9010F0021, DANTEC). The
measuring system comprises a spherical lens of 300 mm and a cylindrical lens of -25 mm
focal length. The laser pulses, were synchronized with a high-speed camera perpendicular
to the laser sheet, to record a 12-bit image pair of 1024x1024 pixels. The time between
pulses was varied from 15 to 88§ depending on the fan speed. With this configuration,
it was possible to measure the instantaneous velocities of the flow within a radius of 60
mm, from the vessel centre. Each experiment was undertaken during about 2.5s, with the
collection of an average of 12,500 images. An adaptive algorithm within the Dantec
software, processed the images, with a minimum interrogation area of (16x16 pixels) and
a maximum of (32x32 pixels), with a magnification ratio of 0.12 mm/pixel. This adaptive
PIV algorithm was an iterative and automatic way of calculating velocity vectors, based
on the seeding particle density. The size and shape of individual interrogation areas, IA,
were iteratively adjusted to fit the local seeding densities and velocity gradients. The
appropriate 1A size was automatically determined for each individual 1A, by specifying
maximum and minimum size limits. A first iteration always used the largest IA size,
which was reduced in subsequent iterations. This allowed reduction of IA sizes where the
particle density was sufficiently high. The minimum IA determined the location and
magnitude of vectors, and how close to the borders a vector might be located. Further
details about the PIV system, its optical configuration and the adaptive algorithm are to

be found i13] and in the supplementary material [S1].



3. Homogeneity and isotropy

3.1. I nstantaneous, mean and rms velocities

The mean velocities and rms turbulent velocity fluctuations incthend y-directions,
respectively, noted, v, u’ andv’, are determined from the temporal evolution of the
instantaneous velocitiesandv, respectively. In the-direction,z andu’ are calculated

at each(x, y) grid nodeas[14]:

Nim
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WhereN;,, is the total number of vectors, in thg vector map in time. The crossponding
parameters in thg-direction,7 andv’, are calculated in the same way, by replacing

and u, in equations (1) and (2), by and 7, respectively. The ways in which the
instantaneous and mean velocities change with increasing fan speeds of 1,000, 3,000, and
6,000 rpm are shown in Figure 3. For clarity, only half the vectors are displayed. The first
column shows instantaneous velocities at all points, with colotgsigow the magnitude

of the two component velocity vectors. The second column shows time averaged local
mean velocity vectors obtained, from 12,500 images. Both instantaneous and mean
velocities increase with fan speed and radius, most markedly in the outer regions closest
to the fans. Within the centralised circled regions in Figure 3b, the local mean velocity is
less than 10% of the local rms velocity. Outside the circles mean velocities reach up
to £0.4,+1.2 and+1.4 m/s at 1,000, 3,000 and 6,000 rpm, respectively. However, there
is a similarity in flow patterns at all fan speeds, and the mean velocities are gdoerall

[Figure 3 near here]



Figure 4 shows the radial distributioosmean velocitiesy,, @, v, andv, for
fan speeds of 1,000 and 6,000 rpm. Data were obtained from 12,500 frames during a time
of 2.5 s .The velocity componenig andv, were calculated along the axis fory = 0.
Whilst, u, andv,,, were calculated along theaxis forx = 0. The variations of the four
componentare small and their fluctuations are almost uniformxfandy distances of
+ 60 mm, indicative of high level of isotropy. At the higher fan speed of 6,000 rpm,
slight increaseand decreases in velocities, of less than 0.95 m/s, are observed beyond
aradius of + 40 mm. Nevertheless, the values of the four components are small when
compared with those of andv’. [Figure 4 near here]

Figure 5 compares the spatial fluctuations of both mean and rms velacitigs,

u' andv’ along x- and y-axes at fan speeds of 1,000, 3,000 and 6,000 rpm. For both mean
and rms velocities, x and y components are similar and isotropicy\aitldz small and

less thar0.1u'. Isotropy and homogeneity are particularly good in the central region at
radii up to about 50 mm. However, closer to the fans, at the higher speed of 6,000 rpm
and radii greater than 40 mm, isotropy and homogeneity are less good. Average values
ofu, v, u' andv’ were computed up to a radius of 60 mm for all fan speeds and these
are summarised in Table 2. [Figure 5 and Table 2 near here]

All measurements geometrically involved the same plane, passing through the
centre of the vessel, and the tetrahedral positioning of the fans was intended to maximise
the isotropy and homogeneity over other orthogonal plawesrding to [1-2, 58], an area
can be considered to be homogeneous aréa<f 10% u’ andv < 10% v'). Such parameters

have been calculated at each interrogation area and the crossponding area whicthesisfy

condition has been assignedheT radial limit, within which there is homogeneity and
isotropy isRy and this is shown, for different fan speeds in Figure 6. Value$ wére

estimated for each interrogation window and then averaged over all the interrogation



windows within the area of interest. These values also are plotted on the same figure. A

linear fit applied to these measurements yields:
u' = 0.00122f (rpm) (m/s). 3

These values are up to 5% higher than earlier single point measurements using laser
Doppler velocimetry, LDV. This slight difference might be because of the difference in
technique, and because the PIV data were averaged over a larger area, with a diameter of
120 mm, whereas the LDV data in [Msere obtained only at the vessel centre. [Figure 6

near here]

3.2. Pdfs of turbulent velocity

Turbulent velocity fluctuations, andv, about the mean, normalised by the local rms
value, are calculated as in [1@} is given by:

uy(x,y, 0 = [ulx,y, 1) —ulx, y)]/u'(x, ). (4)
vy can be calculated using equation (4), by replacingi and v’ by v, v and v/,
respectively. Figure 7 shows the pdfsigfandv, for fan speeds of 1,000 rpm and 6,000
rom. The results of all pdfs appear to be consistent with normal Gaussian distributions.
To more precisely quantify the symmetry of the pdfs, and whether the data are heavy-
tailed or light-tailed relative to a normal distribution, the skewness fagtaand kurtosis

factor,K, were evaluated. In-direction,S, andK are given by [14]:

n [ SV ux,y, i) - 2l )P
Sku = %Z NlmJ [u'(x,y)]3 ) ”
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Heren is the total number of grid nodes in the vector map. The crossponding skewness
and kurtosis in the-direction respectively, notef}, , andK,, are calculated in the same

way, by usingv, 7 andv’, in equations (5) and (6), insteadwgfii andu’, respectivly.

Figure 8 shows the variations &f, S,,, K, andK,, with fan speed. The skewness factors

S, ands,, are close to zero, indicating a symmetric pdf. Also, the kurtosis faktpes)d

K,, are close to the kurtosis factéf,= 3, of a normal Gaussian curve. These results
supports the assumption in [10] for calculating the integral length scale, that the kurtosis
and skewness factors are independent of the fan speed. The results of Sections 3.1 and
3.2 confirm these features of homogenous and isotropic flow, within the defined regions.

[Figure 7 and 8 near here]

4. Turbulence scales

4.1. Integral length scales

The spatial longitudinal and lateral integral lengths sdalgsL,, and L, L,,, can be
determined directly from the integral of the correlation coefficieRts. R,, and R,,,,
R,., respectively, of the fluctuating velocity valueschdlirection and iry-diraction[16].

In x-direction, R, and R,,, are calculated as [14]

Ro
R = SEMCTEID (PR ae ™)
u 0
Ro
va(f) = . y)lj}(,f *s y)>' Lyy = f va(f) ds. (8)
0

Equations (7) and (8) are employed to calcukyte andR,,, in y-direction [14].A
sufficiently large area, 9090 mn¥, was used to calculate the integral length scales. For

all fan speeds, this area was large enough for the correlation coefficient to become zero,

10



Ro[2,17]. Figure 9 shows such an evolution of the longitudinal and lateral correlation
coefficients with the spatial lag at a fan speed of 5,000 rpm. The very slight differences
between the two longitudinal correlation coefficieRis andR,, and similarto the
differences between the lateral coefficieRfg andR,,, confirming the near isotropic
nature of the flow field within the central area. [Figure 9 near here]

Figure 10 shows the variations of longitudinal and lateral integral length
scalesLyy, Ly, andL,,, Ly, with fan speed, giving mean longitudinal and lateral length
scales of 20.4 and 10.5 mm, respectively. Such independence of fan speed has been

commonly observefll8,19]. [Figure 10 near here]

4.2. Taylor and Kolmogorov scales

According to [18,19], the Taylor length scake,is related to the turbulence dissipation
rate,e, by:

A= (15v(u?)/(e))? (9
wherev is the kinematic viscosity, values of which were obtained from [20](and
denotes time averaging. The crossponding Reynolds number is givéy byAu'/v
[18]. For homogeneous and isotropic flow, the turbulent energy dissipatiorz,réage,

defined by [21] as:

2

e = 15v((a—u) ) (10)
dx
The dissipation rate can be calculated directly from the PIV vector maps by using the
velocity spatial derivatives in equati¢i0). To account for the error of the finite spatial
resolution of PIV measurements, a correction method to the dissipatios) tetee been

proposed by [22]. The correction includes filtering a known energy spectrum to account

for the attenuation of the derivatives in the measured PIV data. The ratio of the measured

11



derivative, denoted by the superscript (m), to the ‘‘corrected’’ derivative for the

longitudinal measurement is given by [22] as:

n (ouyyamyym M0 B OB D o () dk,ak, .,

& (Axy /2)? an
e ((Ouy/0xy)?) HIZ k2 @y (k)dkydky, dk,
whereB is the spatial spectral filtering function given by:
8 _ (ka) (k h) ] (kzz> (12)
= sin sin Sin\|\——
(wky)(hky)(zk,) 2 2 2
and,
Pr(k) = o k 125, ~ k) (13)

wherek is the wavenumber vector with a magnitudendk,, k,andk, are the wave
vector components in they andz directions. The variable, h, s, Ax,, correspond to the
width, height, and depth of the PIV interrogation volume and the separation between PIV
vectors respectivel\E (k) is the 3D energy spectrum, which is defined by [23] as:

E(k) = auZn((km)~>/3 + (kn)!) x exp [—a G (kn)*/3 + (kn)z)] (14)
With a = 1.8,u, is the Kolmogorov velocity scale; (ve)'/#, andn is the Kolmogorov
length scale given by [18]:

n=3/e)/* (15)

An alternative correction method to the dissipation rate, based on the average distance
between consecutive zero- crossings 0f), can be found in [34 To calculate Taylor
and Kolmogorov length scales, the corrected dissipationsat@s first computed using
equationg10) to (14) and then substituted into equations (9) and (15), respectigely. A
shown in Figure 10} ands decrease with increasing fan speed. Sincefixed by the

vessel dimensions, increasing Reynolds numbes Lu'/v [25], with the fan speed

increases the dissipation rate and leads to finer length scales. Values of the different mean
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length scales, up to a radius of 60 mm, are tabulated in Table 3 for the fan speed range
1,000 to 6,000 rpm, for dry atmospheric air temperatures and pressures. In practice,
integral length scales are predominantly determined by the vessel size. In the present case,
the diameter of 380 mm is about 19 times larger than L,,. Clearly, this will be
modified by the locations and sizes of the fans and their blades. [Figure 10 and Table 3
near here]

The one-dimension temporal energy spedijg,andE,,, of the velocity fluctuations

andv were computed, using a procedure similar to that outlined in [26]. They were first
computed for each interrogation ar&a, and then averaged over all the IAs, witthe

velocity map. Figure 11 shows average values of energy spéttraf the two
componentd,;, andEy,, for three rotational speeds of 1,000, 3,000 and 6,000 rpm. The
corresponding Reynolds numbeRg, are reported in Table 3. This figure highlights the
inertial subrange, characterised by a (-5/3) scaling law exponent, is extendiiy veith

predicated by the Kolmogorov theory. [Figure 11 near here]

4.3. Integral time scale

At a given point, integral time scales, andr,, are calculated by the integration of the
temporal coefficient®,, andR, [13]. R, IS given by:

Ry (t) = W T, = J "R, (6) dt. (16)
0

R, can be calculated from equation YUy usingv and v' instead ofu and v/,
respectively. These coefficients are plotted in Figurefdr2a fan speed of 1,000 rpm.
They are calculated for each interrogation area and then averaged overaljati@mro
areas within the velocity map. They are closely matched, again indicative of isotropy. The
integral length scalé is usually related to the integral timescaley Taylor’s temporal
hypothesisL = ut, where i, here, is the advection mean velocity. This is clearly

13



inapplicable wheru is close to zero, as in the current case. To overcome this, Abdel-
Gayed et al. [Ipemployed. = St, with S, the average speed with a three-dimensional
Gaussian velocity pdf in isotropic, homogeneous turbulence, givén=hi8/m)%° u".
HenceL could be found from:

L= (8/m)%u' 1. (17)
[Figure 12 near here]
Advances in measuring technigques have enabled/batidt to be measured directly,
and the validity of equation (17) to be assessed. Bpthandt are plotted against’ in
Figure 13. Five experiments were employed for each condition. A linear fit to the data
yieldedL = 0.88u't. Figure 14 shows the mean longitudinal correlation
coefficientR(¢) as a function of the spatial shif), the mean temporal correlation
coefficientR(L/z.t) as a function of the product of PIV values bf{. t) and the mean
temporal correlation coefficie(s.t) as a function of the product (f.t), wheres is
the average speed, with a three-dimensional Gaussian velocity pdf in isotropic,
homogeneous turbulence as defined by [10]. Such figure sh@ws) does not coincide
with R(§), which suggests that the proportionality constant of 0.88, is more acceptable,
compared to 1.6 in equation (17). This result is of practical importance, because optical

access often is limited to single point LDV. [Figure 13 and 14 near here]

5. Influence of temperature and pressure

Shown, by solid curves, in Figure 15 are the effects of temperature on the temporal rms
velocitiesu’ andv' at fan speeds of 1,000, 3,000 and 6,000 rpm at 0.1 MPa. Regardless
of the increasing temperature, the values of mb#mdv’ are very close, at the different

fan speeds, suggesting the maintenance of a homogenous isotropic structure of the flow.

At fan speeds of 1,000 and 3,000 rpm, there is only a small effect of temperature on the

14



values ofu’ andv’. At a fan speed 6,000 rpm, the increase in temperature decreases values
of w’ andv’ by up to 12% of the value at 300 K. This might be associated with increases
in kinematic viscosity with increasing T. [Figure 15 near here]

In the same figure, Fig. 15, the effect of pressure on the temporal rms velocities
u' andv' at fan speeds 1,000, 3,000 and 6,000 rpm at 300 K is shown by broken curves
Increasing pressure showed even smaller changes in the vahre’ with increasing
P, which, in this case, slightly increased. The largest effect was at the highest fan speed,
possibly associated with a small decrease in kinematic viscosity with increasing P.

The effects of increasing temperatures and pressures on the integral length scale,
and the smaller Taylor and Komogorov scales are shown in Figures 16 and 17, all for a
fan speed of 1,000 rpm. Figure 16 shows the effect of temperature on length scales at a
pressure of 0.1 MPa. This shows the integral length staleylor length scale, A, and
Kolmogorov length scaley, are increased by up to 10 %, 47 % and 36.5%, respectively,
of their values at 300 K. Such increases can be related to the increase in the kinematic
viscosity with temperature in equations (9) and (15). Figure 17 shows the effect of
pressure om, A, andn at 300 K. Increasing the pressure has no effect on the integral
length scales, it generates smaller eddies and consequently smaller lengths scales. Both
values ofd andn decrease, with increasing the pressure, which agrees with the trend in
[5]. As shown in27], for isotropic and homogenous flow, the Taylor length scale varies
asP~'/2, and the Kolmogorov varies & 3/%. These trends have been observed in the
present results at different fan speed. These results are summarised in the supplementary
material [S2], Tables S1 and S2, for different temperatures and pressures. [Figure 16 and

17 near here]
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6. Conclusions

(1).

(2).

3).

(4).

(5).

(6).

Spatial and temporal fluctuations of mean and rms velocities have been presented at
different fan speeds between 1,000 and 6,000 rpm. The mean velocity within each
interrogation area has been shown to be negligible, compared with the rms turbulent
velocity.

The region of homogeneity and isotropy decreases with increasing fan speed. The
maximum radiusky, of this region is given in terms of the fan speedwdnd Figure

6.

Probability density functions have been derived for the turbulent velocity
fluctuations about the mean, and normalised by the localised rms values. Within the
isotropic region these are very close to a Gaussian distribution, for both velocities.
The size of the isotropic region is an important design parameter, as it must be large
enough to be able to generate all the required phenomena at near-constant pressure,
and the size of the window must be large enough to observe it. The study provides a
guide to the design of, and characteristics of, fan-stirred bombs, and also the extent
to which the turbulence in the working volume is homogeneous and isotropic.
Longitudinal and lateral integral length scales of the turbulence were obtained by
integration of the respective correlation coefficients. Values of the length ggales

andL,, are similar, as are those bf,, andL,,,. These differ for the two sets, but are

independent of the fan speed. Taylor and Kolmogorov length scales, obtained from
algebraic expressions, are also presented.

Similarly, integral time scale values, have been found from integration of the
respective temporal coefficients. These are equal for both directions. The length and
temporal integral scales are relatediby 0.88 u'z, somewhat more direct than an

earlier expression.
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(7). At low fan speeds and 0.1 MPa, there is little effect of temperaturewi@ordv’,
whereas, at= 6,000 rpm these values decrease with increasing temperature. At low
fan speeds and 300 K, there is but small effect of pressure change, but at 6,000 rpm
there is a slight increase in velocities with increasing pressures. With regard to the
integral length scales, at 1,000 rpm, the integral length scales are unchanged with

pressure, but increase slightly with temperature.
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Table 1. Survey of some fan-stirred vessels, including present study.

Vessel Dimensions Number  Max. fan Max. u’
Geometry (mm) of fans speed (rpm)  (m/s)
Ravi et al. [2] Cylindrical D = 305,l = 356 4 8,300 1.7
Andrews et al.[3] Cylindrical D =305,l = 305 4 5,000 4
Semenov [4] Spherical D =97 4 7,000 10
Fansler et al.[5] Cylindrical D =260,l = 260 4 2,500 2.2
Sick et al. [6] Spherical D =58 4 7,000 1.8
Weil3 et al. [7] Spherical D =118 4 10,000 3.5
Xu et al. [8] Cubic =136 2 2,900 1.6
Present study Spherical D =380 4 10,000 12

Table 2. Mean, rms velocities, skewness and kurtosis factors for all fan speeds.

Fan speed 1,000 2,000 3,000 4,000 5,000 6,000
(rpm)
u (m/s) 0.04 £0.02 0.22 +0.04 0.14 +0.02 0.25 +0.04 0.51 +0.04 0.71 +0.04
v (m/s) 0.08 +0.01 0.17 +0.02 0.34 +0.05 0.27 +0.02 0.63 +0.03 0.60 +0.03
u’ (m/s) 1.18 +0.02 2.43 +0.03 3.62 +0.03 4.84 +0.02 6.08 +0.03 7.23 +0.05
v’ (m/s) 1.22+0.02 2.37 +0.02 3.65 +0.03 4.81 +0.03 5.98 +0.04 7.18 +0.04

Sku 0.104 0.132 0.105 -0.212 0.282 -0.355
Siw 0.142 0.110 0.151 -0.264 0.232 -0.339
K, 2.95 2.94 3.01 2.98 2.91 2.86
K, 2.97 2.96 3.02 3.17 3.12 3.22
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Table 3. Average values of the lengths scales for all fan speeds, at atmospheric

temperature and pressure.

Fan R, R) Ly Lyy Lyy Loy A n X5

oo (Mm) (mm)  (mm)  (mm)  (mm)  (mm)

1,000 1,615 220.2 19.7 191 9.4 9.1 2.01 0.88
2,000 3,360 3174 20.7 20.1 10.8 10.6 1.08 0.51
3,000 4,943 385.0 19.9 20.8 10.2 10.7 0.73 0.38
4,000 6,300 4349 191 20.1 10.6 111 0.53 0.30
5000 7,956 488.7 19.2 20.1 10.1 10.5 0.44 0.26
6,000 10,274 5554  20.8 21.5 9.8 10.1 0.38 0.23
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Figure 1. Schematic view of the vessel and auxiliary systems.

Figure 2. External view of the vessel
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