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Abstract--Effect of free stream turbulence intensity ranging from 1.5 to 40% and of air velocity ranging 
from 0.5 to 5.0 m s ~ on transfer coefficients has been measured for a circular cylinder (d = 0.1 m) and an 
elliptical cylinder (a = 0.2 m, R = 4) in cross-flow. The effect of turbulence intensity appeared to be as 
important zs the influence of velocity and seemed to be independent of the pressure gradient and of the 
degree of t~xbulence isotropy. One relation for each of the two cylinders has been established to describe 
all the expe::imental data. It appeared also that the transfers are much less affected by the axis ratio of the 

cylinder than by the air flow properties, 

INTRODUCTION 

Heat or  mass transfers between air and products are 
involved in many food industry processes. To control 
these processes one must know the mean transfer 
coefficients which determine the mean flux exchanges 
and hence the treatment lengths and functioning of  
the apparatus. It is also important  to know the local 
values of  these coefficients around the treated bodies 
as the transfer intensity affects temperature changes 
and water concenlrations and consequently the local 
rates of  enzymatic and microbial reactions. The 
heterogeneity of  microbial growth and of  colour and 
flavour changes has a direct influence on food product 
quality. 

In order to study these air-product  exchanges in 
conditions close to those found in food industries, the 
coefficients should be known in the following situ- 
ations: (1) low air'velocity (0.1-5 m s-~), (2) turbulent 
flow, (3) bodies of  complex, irregular and various 
shapes. 

Most  of  the exFeriments reported in the literature 
have been performed on flat plates and circular cyl- 
inders placed in cross-flows in which turbulence inten- 
sities were close to 0%. Morgan [1] reviewed about  
100 works of  this type on the circular cylinder. Some 
papers also describe the influence of  the free stream 
turbulence intensity on transfers coefficients. 

On a circular cylinder 
The influence of  the turbulence intensity on the heat 

transfer coefficient at the stagnation point has been 
studied in refs. [2-5]. These works demonstrate that 
the heat transfer coefficient increases with turbulence 
intensity and that ~:his effect is more intense when the 

Reynolds number is higher. The relations proposed in 
these references are given in the Table 1. In these 
works it is also specified that these results can be 
extended to a region around the stagnation point, the 
area of  which varies depending on the author. The 
variables used are always Tu Re or T u x f l ~ ,  but the 
form of  the relations and the results are very different. 
For  a Reynolds number of  100 000 and a variation of  
the turbulence intensity from 0 to 6%, the inten- 
sification is 50% according to ref. [2], 55% according 
to ref. [4], 64% according to ref. [5] and 77% accord- 
ing to ref. [3]. 

The same studies have been performed taking into 
account the mean transfers over the whole circular 
cylinder surface. -The effects are similar to those exist- 
ing at the stagnation point. Table 2 gives the different 
relations proposed by the authors. The equations 
differ much more than in the case when only the stag- 
nation point is concerned. The difference from one 
author  to another is also greater. For  a Reynolds 
number of  10 000, the transfer intensification due to a 
turbulence intensity of  6% is 8% according to ref. [7], 
11% according to ref. [8], 21% according to ref. [5] 
and 37% according to Zapp, quoted by Morgan [1]. 

On a flat plate, with a zero pressure gradient 
Kestin et al. [9] found that the free stream tur- 

bulence intensity had no influence on heat transfers 
when the boundary layer was laminar, but that the 
transfers increased when a pressure gradient was 
induced in the flow. These results are still open to 
debate [3]. When the boundary layer is turbulent, 
authors agree that the free stream turbulence intensity 
increases the transfers with or without a pressure 
gradient [9, 10]. 
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a length of major axis of elliptical 
cylinder [m] 

Cp specific heat of air [J kg t K l] 
D water diffusivity in air [m 2 s-~] 
d cylinder diameter [m] u 
dref diameter of the equivalent circular U 

cylinder for an elliptical cylinder [m] 
E, methological errors on the X 

determination of h and k by the 
psychrometric method 

h heat transfer coefficient [W m 2 K t] 
k mass transfer coefficient 

[kg m -2 (Pa s) -I] 
k'  mass transfer coefficient [m s ~] 
K~xp experimental heat to mass transfer 

coefficient ratio 
Kvheo heat to mass transfer coefficient ratio 

coming from the relation of Lewis 
(Table 3) 

Le Lewis number  
Lva p latent heat of evaporation of water 

[J kg ~] 
lrof reference length [m] 
Mair 'molecular '  weight of air [kg] 
Mwat~r 'molecular '  weight of water [kg] 
Nu Nusselt number  = hd/2 
P general symbol for pressure [Pa] 
Patm atmospheric pressure [Pa] 
P(T)  saturated water vapour pressure at 

temperature T [Pa] 
Pr Prandtl  number  
R major to minor axis ratio of an 

elliptical cylinder 
Re Reynolds number  = Ud/v or Ua/v 

NOMENCLATURE 

T 
Tdew 
Tu 

air temperature [°C or K] 
dew point temperature [°C or K] 
turbulence intensity of air in the main 
stream direction : , ~ £ / U s  
velocity fuc tuat ion  around U [m s-~] 
velocity in the main stream direction 
outside the boundary layer [m s-1] 
curvilinear distance along the cylinder 
from the stagnation point or normal 
distance to the perforated plate [m]. 

Greek symbols 
e plaster emissivity 
2 thermal conductivity of fluid 

[W m -1 K -I] 
# dynamic viscosity of fluid [kg m ' s ~] 
v kinematic viscosity of fluid [m 2 s-~] 
P~r density of air [kg m-3] 
a Stefan Boltzmann constant 

[W m -2 K -4] 

(I) m m a s s  flux exchanged between body 
surface and air [kg m -2 s J] 

q~r,d heat flux exchanged by radiation 
[ W m  2] 

~t heat flux exchanged by convection 
between body surface and air [W m-2]. 

Subscripts 
A stagnation point of a cylinder 
w wall condition 
oc free stream condition 
0 reference values of the dimensionless 

number  for Tu~ = 0%. 

S body surface [m 2] Mean 
Sh Sherwood number  = k 'd /D 2 mean of x. 

Table 1. Influence of the free stream turbulence intensity on the heat transfer coefficient at the stagnation point of a circular 
cylinder. Tu is in the decimal form. NUA0 is the Nusselt number at the stagnation point for Tu = 0% 

Authors Re, Tu (NuA-- NUAo)/NUAo 

Smith and Kuethe [2] 

Dyban and Epick [3] 

Kestin and Wood [4] 

Dyban et al. [5] 

Mujumdar, quoted by ref. [6] 

0.1% < Tu < 6.0%, 

3x 104 < Re < 2.4x105 

500 < Tu Re < 7300 

0.15% < Tu < 7.20% 
75×103<Re<  125x103 

Tu Re < 9000 

5000<Re<  11000 
0.5% < Tu < 12% 

0.0277(1 --e -2910 L~e) Tu~Re  

'theory' : 0.0277 T u x / ~  

0.01 T ~  

3 68 T u x f ~ - - 4  2 1 ( T u ~ f ~  2 
• 100  " \ 100  ] 

0.8 Tu Re 
1500 + Tu Re 

8 x lO-4TuRe 
1.06  
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Table 2. Influence of the free stream turbulence intensity on the mean heat transfer coefficient of a circular cylinder. 
Re t = Tu Re, Tu is in the decimal form 

Authors Tu (%) Re ( N u -  Nuo) / Nuo Reference point Nuo 

Z a p p  quoted  by M o r g a n  [1] 

C o m i n g s  et al. [8] 

E n d o h  et al. [7] 

Dyban et al. [5] 

1-3 10 000 1.29Tu °5°° '~ 
3-12 10 000 2.42 Tu °667 ? 

T u = l %  

1 7 1750 20000 Re°°711-1o-~J / Re  \0.56 

1750 1 25.6~1~ff~) 

4?-20? 10 000?-22 000? 1.5 × 10 6Ret Re °5 Pr °33 ? 

0.3-12 2 0 0 ~ 8 0 0 0 0  RdO643ru°""-' 0 6 )  1 Tu = 0 .3% 
0.262Re °.6 

On an ell iptical cy,!inder 

To our knowledge the only study of the influence of 
turbulence on transfers has been performed by Seban 
[11]; the axis ratio of the cylinder was 4 and 
56 000 < Re  < 236 000. His results indicate that the 
local heat transfers increase with the free stream tur- 
bulence intensity. However, Seban did not measure 
the turbulence in~:ensity and gave only the charac- 
teristics of the grids he used to promote turbulence. 

The conclusion to be drawn from the literature is 
that, if the increa~e of transfer coefficients with free 
stream turbulence intensity seems to be indisputable, 
the exact amount of increase remains unknown. 
Moreover, the turbulence intensity generated around 
the object is always less than 23% [5] and most of the 
time less than 12°/,, [2, 4], Zapp quoted by ref. [1] and 
Mujumdar quoted by ref. [6]. However, measure- 
ments performed in a sausage dryer and a chilling 
room where the mean flow velocities were, respec- 
tively, 0.2 m s -j  and 0.4 m s -1 indicate that in the 
dryer the turbulence intensity was around 25%, with 
spatial variations between 17 and 29%, and in the 
chilling room the turbulence intensity was about 38% 
with spatial variations ranging from 22 to 60% [12]. 

The purpose of this work is to study the influence 
of free stream turbulence intensity from almost lami- 
nar to very turbuhmt flows on heat and mass transfer 
at the surface of a circular cylinder and an elliptical 
cylinder with a major to minor axis ratio of 4. The 
elliptical cylinder will enable to assess the influence of 
the body shape on the value of the transfer coefficients 
and hence the eflect of the air flow properties for 
different pressure gradients induce by the body in the 
flow. 

EXPERIMIENTAL CONSIDERATIONS 

M e t h o d  

The method used to determine heat and mass trans- 
fer coefficients is based on psychrometry and is 
especially well adapted to bodies of complex shapes. 
Theoretical aspects and errors linked to data treat- 
ments and to measurements have been discussed in 

ref. [13]. The method consists in the drying of a fully 
wetted body in an air flow with constant properties. 
After a settling down period takes place a 'steady- 
state' or 'constant rate' period, which is clearly observ- 
able for capillary, porous non-hygroscopic materials 
[14, 15]. The fluxes exchanged between air and the 
wetted body surface are a convective and a radiative 
flux as well as an energy flux due to water evaporation. 
During the steady-state period the energy supplied to 
the surface exactly compensates the energy removed 
by evaporation. The air temperature, Ta~r, and the 
dew point temperature, Taew, are measured during this 
period as are also the body surface temperatures, Tw, 
and the body weight loss due to water evaporation, 
(I) m. Little differences in temperature exist at the body 
surface. The maximum difference between any two 
points is 1.5°C and between two adjacent points 0.3 °C. 
As in addition the conductivity of plaster is low, the 
heat flux exchanged by conduction and due to water 
migration from inside the body accounts for less than 
2% of the total heat flux and hence can be neglected. 
The local transfer coefficients, h and k, are determined 
at the points where the temperature is measured, using 
the Lewis analogy [13, 16]. The mean heat and mass 
transfer coefficients, /~ and /~, are calculated using 
either the energy balance or by averaging the local 
values. The different stages of determination of the 
mean and local coefficients and the values of the 
methodological errors, Ejh and Elk [17], are given in 
Table 3. 

The samples used in these experiments were a cir- 
cular cylinder 0.1 m in diameter and an elliptical cyl- 
inder of major axis length 0.2 m and axis ratio R = 4. 
The samples were made of plaster. In each sample, 13 
thermocouples or Pt 100 probes were inserted 1 mm 
below the surface and located at regular intervals on 
half of the body perimeter. Before the experiment, the 
sample was soaked with the thermocouples or Pt 100 
probes in place for at least 10 h in a water bath for 
hydration. Then the sample was inserted between plas- 
tic discs to prevent any transfer perpendicular to the 
main flow. Wooden discs were added to eliminate edge 
effects in the measurements areas (Fig. 1). The discs 
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Table 3. Stages of calculus of the mean and local transfer coefficients and of the methodological errors when using the 
psychrometric method 

Successive stages of calculus Relations used 

Introduction of the measured variables @m, T~, T~, Tdow 

Determination of the mean transfer coefficients using : Tw, q~m 

Theoretical ratio between heat and mass transfer coefficients 

Determination of the local transfer coefficients at each 
point where the temperature is measured 

Determination of the f values 

Evaluation of the methodological errors on mean 
transfer coefficients 

Introducing the methodological errors when necessary 

Determination of the experimental heat to mass transfer ratio 

Determination of the mean transfer coefficients by 
integration of the local values 

k =  

~t = (l)mLvap T 4  - -  Tw4 

T~:--Tw T~ --T,, 

CpM~i~P~tmLe 2'3 
KTheo - -  

L~apMwater 

~a(T 4 T4,) 
h= 

P(Tw) -P(Td~w) 
T . - T ~ +  

KTheo 

, T 4 T 4 - 

(KTh¢o ( Tw -- T~ ) + P(T~) -- P(T~ow))Lwp 

h k 
. 1 " - -  - -  

Eth = ~(](Tw-" Tw)+~,aT4~ T"'4 ~, ds 

d s  \ s(T~ T~) t 

E,k = f ( ' f (P(T~)-  P(T~)) ) ds 
,J~ \s(P(Td¢w) - P(T~))/ 

/~¢o~ = h+E,/, 

Kexp - 
/~Lvap 

were varnished and covered with a plastic film to 
prevent  any evapora t ion  f rom the wood surface. The 
cylinder was then placed cross-flow in the test cell of  
the wind tunnel.  In the case of  the elliptical cylinder, 
the major  axis was parallel to the ma in  flow direction. 

Dur ing  the experiments the air  t empera ture  and  
dew point  t empera ture  were kept  steady a round  35 
and  5°C, respectively. The tempera tures  Ta~r, Tdow and  
Tw were measured  every 2 min,  and  the body weight 
every 14 rain. Careful  a t ten t ion  was given to cali- 
b r a t ion :  the tempera tures  were measured with an 
accuracy of  +0 .1°C and  the body weight with an  
accuracy of  _+ 0.1 g. 

Wind tunnel 
The tunnel  is a closed circuit wind tunnel  specially 

designed and  buil t  for the psychrometr ic  measurement  
of  t ransfer  coefficients in a lmost  laminar  to very tur- 
bulent  flows (Fig. 2). The cont rac t ion  area rat io  

between the settling chamber  and  the test section is 
nine. The test chamber  measured 0.8 × 0.8 m with a 
length in the flow direct ion of  1.60 m. A three-axis 
t raversing system enabled the au tomat ic  displacement  
of  a probe  in an  area of  chosen dimension and  locat ion 
with a preselected displacement  step. The recording 
of  the p robe  locat ion and  response was performed by 
a compute r  l inked to the system. 

The mean  flow velocity and  f luctuat ions were 
measured using a cons tan t  tempera ture  hot  wire 
anemometer .  The hot  wire element was 5 /~m in di- 
ameter  and 1.25 m m  in length. The sample frequency 
was chosen between 0.5 and  2 kHz. Cal ibra t ion  of  
each wire probe  with air  t empera ture  enabled mean  
velocity measurements  to be made  with an  accuracy 
of  1 -3% in the range of  0.5-5.0 m s -~ [17]. Fo r  high 
turbulence intensities the great  ampl i tude  of  the vel- 
ocity f luctuations could have generated non-l inear i ty  
effects due to the thermal  inert ia of  the hot  wire [18]. 
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But, as the frequencies of  these fluctuations were low, 
this effect can be neglected. The component  of  the 
velocity fluctuation was measured in the main flow 
direction and in the transverse direction using, in 
addition to the previous 90°-wire probe, a single 
rotated 45°-wire probe [17, 18] The turbulence iso- 
tropy in the flow was evaluated by the ratio U2/U 2. AS 
the method using the rotation of  a 45°-wire probe is 
altered by the sensitivity of  the wire to the fluctuation 
parallel to it, the turbulence was considered to be 
isotropic when 0.6 ~< U2/V 2 ~ 1.4. 

In a preliminary trial, air velocity and turbulence 
intensity were measured at 270 points in each of  25 
cross-sections in the clear test chamber. The mean 
velocity at any point within the chamber differed by 

less than 0.5% from its average value over the entire 
chamber. It is always very difficult to have a low 
turbulence intensity and a homogeneous turbulence 
when the flow velocity is less than 2.0 m s-L In 
addition, usually when the flow turbulence intensity 
is low, the air and dew point temperatures are non- 
uniform across the chamber. In the most difficult con- 
ditions, with a main flow velocity of  0.5 m s -~, only 
the area located at the middle top of  the test chamber 
satisfied the initial objective of  a homogeneous tur- 
bulence with an intensity less than 1.5%. This area 
was large enough to contain the sample and was called 
the experimental area. Its dimensions increased with 
air velocity to reach the totality of  the test chamber 
for a value of  5.0 m s -1. Attention was paid to the 
regulation of  the air and dew point temperatures, so 
that these values were maintained uniform across the 
experimental area in the range of  +_ 0.1 °C, even when 
the flow was laminar. 

To promote turbulence, perforated plates were 
located normal to the flow in a drawer at the entrance 
of  the test chamber. Perforated plates were chosen 
instead of  grids because they enable one to generate a 
turbulence approximating a homogeneous and iso- 
tropic turbulence, even for a high level of  turbulence 
intensity. The turbulence homogeneity was necessary 
in order to have the same flow conditions all around 
the sample. The turbulence isotropy is probably not a 
characteristic of  the air flows which exist in industrial 
installations. However, it is easier from a fluid mech- 
anics point of  view to characterise the flow when the 
turbulence is isotropic. The nature of  the turbulence 
downstream from a perforated plate cannot be deter- 
mined theoretically but is known to depend on the 
perforation diameter ~g and on the perforated area, 
~g (expressed in percentage of  the plate area). Plates 
with different values of  ~g and O-g were tested. During 
these experiments, the air flow velocity and turbulence 
intensity were measured at nine points in each of  20 
cross-sections downstream from the plate. The 
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Fig. 2. Schematic representation of the wind tunnel. 
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Fig. 3. Localization of the nine points of measurements in a 
section normal to the flow downstream from a perforated 

plate. 

location of  these points and their symbols are given 
in Fig. 3. 

was about  40% and is named in the following tur- 
bulence intensity even if in this case the word is 
improperly used from a fluid mechanics point of  view. 
This flow which was not well defined from a fluid 
mechanics point of  view was probably closer to the 
flows encountered in industrial installations. 

For  all the plates tested the turbulence intensity at 
any given point was nearly the same whatever the air 
velocity which ranged from 0.5 to 5.0 m s t. 

The integral scale determined from the energy spec- 
tra varied from about  0.03 to 0.06 m when Xincreased 
from 0.2 to 1.5 m for plate no. 1 and from 0.06 to 
0.16 m for plate no. 2. 

The experimental schema is given in Table 4. Before 
each determination of  the transfer coefficients, the air 
velocity was fixed. Then the region where the sample 
was to be located was scanned to measure the exact 
velocity and turbulence intensity values in that area. 
The mean values and the average deviation from these 
values are given in Table 5. The average deviation 
tended to be greater when the generated turbulence 
intensity was high, or for a given turbulence intensity 
for a low air velocity. 

RESULTS A N D  DISCUSSION 

Flow conditions 
When the perforation diameter was less than 40 mm 

and the perforated area was 46% [plate no. 1, Fig. 
4(a)], the turbulence was homogeneous downstream 
from the plates and the turbulence intensity decreased 
exponentially with the distance from the generator. 
This decrease is acknowledged as the behaviour 
characteristic of  an isotropic turbulence downstream 
from grids [2, 4, 19, 20]. Measurements of  the longi- 
tudinal and transverse fluctuations downstream from 
the perforated plates indicate that the turbulence 
seemed indeed to be very close to an isotropic turbu- 
lence. This plate was used to determine heat and mass 
transfer coefficients in flows with turbulence intensities 
close to 6%. 

When the perforation diameter was 50 mm with a 
perforated area of  33% [plate no. 2, Fig. 4(b)], the 
exponential decrease of  the turbulence intensity was 
restricted to the point located on the middle axis (X 
direction) of  the test chamber. No  decrease was 
observed on the border and at the top of  the chamber, 
where the turbulence intensities were high and very 
different from one point to another. This plate was 
used to generate turbulence intensities ranging from 
12 to 20%. In this case, the samples were centred 
on the middle axis of  the test chamber, where the 
turbulence was close to that of  a homogeneous and 
isotropic turbulence. 

When the perforated diameter reached 100 mm with 
a perforated area of  6% [plate no. 3, Fig, 4(c)], the 
turbulence downstream from the plate was het- 
erogeneous and not completely steady. It is difficult 
to characterize the turbulence in such a flow. The 
simplest way is to use the ratio x / ~ / U~ .  This ratio 

Effect of Jhee stream turbulence intensity on mean trans- 
fer coefficients 

When the psychrometric method is used, heat and 
mass transfer coefficients are determined simul- 
taneously. Because of  the Lewis relation their values 
written, respectively, in the form of  Nusselt and Sher- 
wood numbers should be the same apart  from 
measurement errors. In this paper, except when speci- 
fied otherwise, the results of  heat and mass measure- 
ments are displayed with the same symbol. 

No  effect of  the integral scale was evidenced. Hence 
in the following only the flow turbulence intensity is 
taken into account. 

On the circular cylinder. The results of  the 38 exper- 
iments are given in Fig. 5(a). F rom this figure two 
significant conclusions can be drawn : 

(1) The intensification of  transfers due to free 
stream turbulence exists for turbulence intensities up 
to 40%. For  a given Reynolds number,  the inten- 
sification of  transfers is proport ional  to the turbulence 
intensity and does not  seem to be affected by the 
turbulence isotropy or non-isotropy. 

(2) The rate of  intensification is greater for higher 
values of  the Reynolds number. An increase of  the 
turbulence intensity from 1.5 to 40% multiplies the 

Table 4. Schema of the experiments 

Turbulence intensity (%) 
Cylinders 1.5 6.0 12 19 40 

Circular x x x x x 
Elliptical (R = 4) x x x 
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Fig. 4. Free stream turbulence intensity as a function of the distance X from the perforated plate. (a) (1) 
plate q~g = 18 mm, ag = 46% ; (2) plate ~g = 40 mm, c% = 46% ; for the sake of clarity the nine points of 
measurements are represented here by the same symbol. (b) qb = 50 mm, ag = 33%. (c) qbg = 100 mm, 

a s = 6%. For (b) and (c) the symbols correspond to the measurements points defined in Fig. 3. 

Nussel t  n u m b e r  by 1.3 for a Reynolds  n u m b e r  of  
5000, and  by 1.8 fi)r a Reynolds  n u m b e r  of  20 000. 

Table 6 displays the values of  A and  n in the equa- 
t ions for heat  and  mass  t ransfers :  Nu (or Sh)= 
A Re", calculated for a given turbulence intensity. This 
type of  corre la t ion is very sensitive to the value of  n. 
A var ia t ion  of  _ 0.005 of  this value leads to a differ- 

ence of  5 - 6 %  of  the calculated Nussel t  or Sherwood 
number .  As the precision on  the experimental  results 
was generally bet ter  than  that ,  the n values are given 
with three digits after  the decimal point .  Fo r  each 
turbulence intensity the 95% confidential  limit was 
calculated [Fig. 5(a)]. The  value of  n increases regu- 
larly with turbulence intensity while the value of  A 
decreases. The increase of  n indicate tha t  the higher  
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Table  5. Velocity (m s ~) and  turbulence intensity (mean  value %,  average  devia t ion  f r o m  the m e a n  value)  d o w n s t r e a m  
f rom per fora ted  plates in the area  where  the samples were located dur ing  the exper iments  

Plate features  : qb, cr 
Dis tance  to the Level of  air  velocity 

plate : X 1 2 3 4 

= 0.04 m,  cr = 46% 
X = 1.50 m 

qb = 0.04 m,  cr = 46% 
X = 0.95 m 

(1) = 0.05 m, cr = 33% 
X = 1.06 m 

~ =  0.1 m, cr = 6% 
X = 1.55 m 

V~ = 0.412_+0.01 
Tu~ = 5.1 _+0.1% 

V~ = 0.419_+0.01 
Tu~ = 11.0_+2% 

V,~ = 0.51 _+0.01 
Tu~ = 19.1 _+2% 

V,~ = 0.58_+0.08 
Tu~ = 35.1 _+4% 

V~ = 1.13_+0.01 
Tu,~ = 5.8_+0.1% 

V~ = 1.20-+0.02 
Tu~ = 11.2-t-2.% 

V~ = 1.52-+0.02 
Tu~ = 20.6-+2.2% 

V.~ = 1.38-+0.15 
Tu~ = 41.6-+4.6% 

V~ = 2.75_+0.13 
Tu~ = 6.4_+0.1% 

V~ = 2.83+O.O2 
Tu_~ = 11.4_+ 2.0% 

V~ = 3.54_+0.08 
Tu,~ = 20.2_+2.2% 
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Table 6. A and n values in the relations Nu = ARe" 
(4000 < Re < 30000) for the circular cylinder in cross-flow 

with different turbulence intensities (/,~f = d) 

Tu (%) A n 

1.5 0.62 0.506 
6.0 0.52 0.532 

11.0 0.37 0.579 
19.0 0.37 0.590 
40.0 0.23 0.665 

the Reynolds number the greater the transfer inten- 
sification. Linear regressions established for A and n 
as functions of  turbulence intensity indicate that for a 
turbulence intensity of  0% the equation for heat and 
mass should be : Nuo (or Sho) = 0.63Re °5°. 

On the elliptical cylinder axis. The results of  the 22 
experiments are given in Fig. 5(b). The precision of  
the results is of  the same order as in the case of  the 
circular cylinder. 3"he reference length chosen here is 
the length of  the major axis (lr~f = a). As this dimen- 
sion was twice the diameter of  the circular cylinder, 
the Reynolds number appears to be greater but the 
observations are similar. An increase of  the turbulence 
intensity from 1.5 to 40% multiplies the Nusselt num- 
ber by 1.8 for a Reynolds number of  20000 and by 
1.94 for a Reynolds number of  40 000. The values of  
A and n in the equations Nu (or Sh) = A Re" are given 
in Table 7. Their  variation is analogous to that of  the 
circular cylinder. Moreover,  the n values are very close 
whether the cylinder is circular or elliptical. Linear 
regressions established for A and n as functions of  
turbulence intensity indicate that for a turbulence 
intensity of  0% the equation for heat and mass should 
be : Nuo (or Sho) = 0.67Re °5°. 

Errors on the determination o f  mean transfer coef- 
ficients 

For  the circular cylinder the methodological errors, 
due to the variatic, n of  the transfer along the surface 
E~h= --0 .8% on ~ a n d E l k =  +1 .34% on/~ (Table 
3), were in confoImity with the previous prediction 
[13] for an air temperature of  35°C and a hygrometry 
of  20%. Since these methodological errors were 
smaller than the experimental errors they were not 
taken into consideration. The experimental ratio of  
heat to mass transfer coefficient, Kexp, which is very 
sensitive to experimental errors, was 57.0 and thus 
very close to the value KTh~o = 55.8 calculated using 

Table 7. A and n values in the relations Nu = ARe" 
(5000 < Re < 55 000) for the elliptical cylinder in cross-flow 

with differenl turbulence intensities (Lof = a) 

Tu (%) A n 

1.5 0.49 0.541 
11.0 0.31 0.599 
40.0 0.21 0.682 

the Lewis relation. These values were nearly the same 
(Kex p = 56.0, KTheo = 55.9) when only the experiments 
for a Reynolds number greater than 17 000 were taken 
into account. When the free stream intensity was 
higher than 18 % and the air velocity above 3.0 m s- l ,  
Kexp was greater than KTheo by almost 5%. That  could 
be explained by the very intensive drying which existed 
under these conditions at the surface of  the cylinder. 
Then the water activity was probably no longer equal 
to one all around the body surface. This explanation 
is reinforced by the fact that it was very difficult to 
reach a long steady-state period at the stagnation 
point when the air velocity and turbulence intensity 
were respectively equal to 5.0 m s-~ and 40%. The 
determination of  transfer coefficients was in this case 
a little less accurate. 

On the elliptical cylinder the methodological errors, 
E~h = --2.3% and E~k = + 3 . 3 % ,  were greater than 
on the circular cylinder. That  seems to be reasonable 
because these errors depend on ~ J ( T w -  Tw) and on 
~. , f (P(Tw)-P(Tw))  (Table 3) and thus on the dis- 
tribution of  the local coefficients at the body surface. 
On the circular cylinder this distribution is almost 
symmetric about  the separation point, and the value 
of  the local coefficient at the stagnation point is not 
too different from the other points. On the contrary, 
the local coefficient at the stagnation point of  an ellip- 
tical cylinder is four to five times higher than on the 
other part of  the surface, where the coefficients are 
almost constant. Hence the methodological errors 
were taken into account for the elliptical cylinder. 
After correction it appeared that Kexp was close to 
KTheo. For  the same reasons as in the case of  the cir- 
cular cylinder, the values of  these ratios were identical 
when the Reynolds number was greater than 15 000 
and were different by 5% when the exchanges were 
very intensive (U~ = 5.0 m s -~, Tu~ = 40%). 

For  both objects and low air velocities, heat could 
have been exchanged by free convection because of  a 
difference in temperature between the body surface 
and the air of  1(~20°C. The ratio Gr/Re 2, which is a 
criterion used to establish the dominant  regions of  
free and forced convection [21], was less than 0.05 as 
soon as the air velocity was higher than 1.0 m s -1. 
Thus, in our experiments the influence of  free con- 
vection could be neglected except when the air velocity 
was 0.5 m s -~. In this case, because of  the experimental 
device, the possible air movement  due to free con- 
vection should have been normal to the main flow 
direction. Hence it is very difficult to know if some 
exchange by free convection existed, and in this case 
if  they have increased or decreased the exchange due 
to forced convection. 

Comparison with literature 
To compare with accuracy the values of  the transfer 

coefficients in the literature, it is necessary to consider 
not  only the experimental method used but also the 
exact flow conditions around the object. In particular, 
these conditions can be modified by the possible inter- 
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actions between the body surface and the walls of the 
experimental chamber. Knudsen and Katz, quoted by 
ref. [1], assert that the only result of these interactions 
is an increase of the free stream velocity around the 
object, which can be taken into account by : 

/ d°b~ect U°bject -- 1 -'~ - - .  (1) 
Uchamber dchamber 

d is the dimension of the object or of the test chamber 
and U represents the stream velocity with or without 
the object in the chamber. For a blockage ratio 
dobject/dehambe r equal to 10, 20 and 40%, the increase of 
velocity is, respectively, 4.8, 9 and 18% according to 
equation (1). These increases do not seem to be so big 
and could be corrected by a simple measurement of 
the stream velocity. But according to West and Apelt 
[22] the phenomenon is much more complex as soon 
as the blockage ratio is greater than 6%, especially 
because of interactions between the wake of the cyl- 
inder and the chamber walls. This phenomenon is 
likely to influence the air-solid exchanges. Exper- 
imental studies on a circular cylinder (quoted by ref. 
[22]) have demonstrated, however, that the drag 
coefficient, which is very dependent on the flow con- 
ditions, is not affected as long as the blockage ratio is 
less than 16%. 

Because of the small values of the aspect ratios of 
our samples (ratios of the length to the diameter of 
the cylinders) the results could have been altered, 
especially in the wake of the circular cylinder. This 
phenomenon is not a major restriction for the com- 
parison with published results because most authors 
have used cylinders which aspect ratios are less than 
5. However one must keep in mind that the present 
results obtained in the wake of the circular cylinder 
are perhaps slightly different from those on a near 
infinite circular cylinder. 

Circular cylinder 
The results of this study and results in the literature 

obtained with free stream turbulence intensities close 
to 0% and to 12% are given in Figs. 6 and 7, respec- 
tively. For a turbulence intensity near 0% (Fig. 6), 
the present results (Tu = 1.5%) are a little in excess 
of those of Hilpert (quoted by ref. [ 1 ]) and of Whitaker 
(quoted by ref. [21]). This seems reasonable because 
the turbulence intensity was probably about 1% 
higher in our experiments than for Hilpert and 
Whitaker. However, the present results are lower than 
the results of Dyban et al. [5], which were obtained 
for a turbulence intensity of 0.3%. Moreover, the 
shape of the curve Nu = A Re", used by Dyban to 
describe his results, is very different from those of the 
other authors, whereas the shape of the curve of the 
present study is very close to that of Whitaker. The 
difference from Dyban's results was probably due to 
the large blockage ratio of 25% which existed in his 
wind tunnel. For a turbulence intensity close to 12% 
(Fig. 7), the difference between Dyban's results and 

the results of the present study (blockage ratio 12.3%) 
was the same as for a turbulence intensity of 0%. 
This similarity reinforces the previous explanation of a 
blockage effect on Dyban's results. In addition, results 
obtained in a pilot plant [23] where the turbulence 
intensity was 12% and the blockage ratio ranged from 
17 to 40% are in between the present results and those 
of Dyban. Moreover, the slope of the curve obtained 
in the pilot plant is much more pronounced than that 
of Dyban. 

Elliptical cylinder 
The present results for a turbulence intensity of 

12% and those obtained in the pilot plant [23] are 
given for the elliptical cylinder in Fig. 8. The results 
are presented using the Sherwood number to avoid 
the possible errors due to the evaluation of radiation. 
Because the blockage ratio for the elliptical cylinder 
in the pilot plant was only of 5-10% those results are 
very close to the present ones. The small differences 
can be explained by difficulties in the velocity regu- 
lation encountered in the pilot plant for low air vel- 
ocities and by the lack of consideration of the meth- 
odological errors during the treatment of the data 
coming from the pilot plant. 

Influence of  the elliptical cylinder ratio on the mean 
transfer coeJficient 

To compare the exchanges at the surface of a cir- 
cular and an elliptical cylinder one must choose a 
suitable reference length for the elliptical cylinder. The 
usual reference length found in literature is the length 
of the major axis. However, Ota et al. [24] suggest 
that one choose as reference length the diameter of 
the circular cylinder ('the equivalent' cylinder) dref, 
whose perimeter is the same as that of the elliptical 
cylinder. Thus the distance covered by the flow is the 
same along the surface of the two objects. The ratio 
between the diameter of the equivalent circular cyl- 
inder dref and the major axis of the elliptical cylinder 
a is [24] : 

dref 2E'(r) 
- -  - ( 2 )  

a 7c 

where E'(r) is an associated complete elliptic integral 
of the second kind and r 2 = 1 - R 2. The dref/a values 
calculated for the elliptical cylinder with ratios which 
range from 2 to 5 are given in Table 8. The substitution 
of a by dref in Nu = A Re" leads to the same relation 
with A' in place of A, where 

When this substitution is performed in the equa- 
tions of the Table 7, it appears that the mean Nusselt 
number at the surface of the elliptical cylinder (R = 4) 
is about 14% less than that of the equivalent circular 
cylinder. This result seems to be coherent with the 
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Fig. 6. Mean heat transfer coefficient on a circular cylinder in cross-flows of free stream turbulence 
intensities close to 0% (1) from Hilpert (quoted by ref. [1]) ; (2) from Whitaker (quoted by ref. [21]) ; (3) 

present results for Tu = 1.5% ; (4) extrapolated results for Tu = 0% ; (5) from Dyban et  al. [5]. 
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Fig. 7. Mean heat transfer coefficient on a circular cylinder in cross-flows of free stream turbulence 
intensities or 11-12% ; (1) present results (blockage ratio 12%) ; (2) results in the pilot plant [23] (blockage 

ratio 17-40%) ; (3) from Dyban et  al. [5] (blockage ratio 25%). 
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plant [23] (blockage ratio 5-10%). 
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Table 8. Ratio between the diameter of the equivalent cyl- 
inder drof and the length of the major axis of the elliptical 

cylinder a, for different values of R 

R 
(major axis/minor axis) dr~f/a 

2 0.77 
3 0.71 
4 0.68 
5 0.67 

c o m m o n  knowledge on the deve lopment  of  bounda ry  
layers at  the surface of  circular and  elliptical cylinders. 

In any case, the effect of  a four-fold mult ipl icat ion 
of  the elliptical cylinder rat io is much  less than  tha t  
produced by the var ia t ion  of  the free s t ream tur- 

bulence intensity f rom 11 to 40%, which can increase 
the Nussel t  n u m b e r  by 60% for a Reynolds  n u m b e r  
of  40 000. 

How are the transfers affected by the.[ree stream tur- 
bulence intensity? 

The results found in the l i terature raise some ques- 
t ions abou t  the effect of  free s tream turbulence inten- 
sity on transfers : is this effect uni form at the surface 
of  the cylinder? Is it influenced by the flow pressure 
gradient? Is this effect dependent  on  the nature  of  the 
bounda ry  layer which develops at  the body surface? 
The f funct ion f = h/h is a useful guide to answer to 
these questions.  The evolut ion of  the local coefficients 
at  the surface of  the circular and  the elliptical cylinders 
are given in Fig. 9(a) and  (b), respectively, in the form 
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Fig. 9. Evolution of the local transfer coefficients in the form o f f ( f  = h/h) along the surface (main stream 
direction) : (a) of the circular cylinder, comparison with Dyban's results for Re = 4500 ; (b) of the elliptical 

cylinder (R = 4) ; for: 0.5 m s -~ < U~ < 1.0 m s -~, 1.5% < Tu~ < 40%. 
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of  the f function for different turbulence intensities. 
The experimental ,errors on the f values were of  the 
order of  5% when the air velocity was lower than 
1.0 m s-  ~, which corresponded to a Reynolds number 
of  10 000. For  a higher air velocity the psychrometric 
method became unusable for the determination of  the 
local transfer coefficients because of  an increase in the 
measurement errors [13]. The distribution of  the local 
transfer coefficients on the circular cylinder is similar 
to the distribution obtained by Dyban et al. [5] for a 
Reynolds number of  4500. On the elliptical cylinder 
(R = 4) no comparison was possible with published 
results because of  the lack of  data for flows with 
different turbulence intensities. 

Fig. 9(a) and (b) indicates that for Re < 10000 the 
values of  the f function were the same for the free 
stream turbulence intensities ranging from 1.5 to 40%. 
Hence the effect of' the turbulence intensity on trans- 

fers appears to have been the same at all points on the 
surface of  the cylinders. That  means also that the effect 
of  turbulence did not  depend on the pressure gradient 
and thus that this effect should have been the same on 
the circular and the elliptical cylinders. To test this 
idea, the ratios of  intensification of  the mean transfer 
coefficients on the two objects, Nu/Nuo and Sh/Sho, 
were described as functions of  the two variables com- 
monly used in the literature : Tu Re and Tux/~  [Fig. 
10(a) and 10(b)]. The reference length chosen for the 
elliptical cylinder was, for this test, the diameter of  
the equivalent cylinder. Apart  from the measurement 
errors, the intensification was similar whether the cyl- 
inder was circular or elliptical, and the experimental 
data were indisputably better described using 
T u x ~ .  It is then possible to describe the transfer 
intensification on the two objects by a unique linear 
regression : 
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Fig. 10. Transfer intensification : Nu/Nuo for the circular and the elliptical cylinders : (a) described using 
Tu Re ; (b) described using Tux/~. The symbols are the same as in Fig. 11. The dash lines correspond to 

the calculated 95% confidential limit. 
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Nu Sh 1.07 + 0 . 0 1 5 T u x ~  
Nuo ° r~00  = 

(3000 < Re < 33000). (3) 

One should keep in mind that for T u x ~  > 40 the 
results were obtained with a turbulence which was 
non-fully steady non-homogeneous and probably 
non-isotropic. In this case Tu represents only an assess- 
ment of  the fluctuation in the mean flow direction. 

Using equation (3) all the experimental results 
obtained on the circular and on the elliptical cylinders 
can be represented by two regressions, for 
3000 < Re < 40000 and 1% < Tu < 45% : 

Nu (or Sh) = ( l . 0 7 + 0 . 0 1 5 T u x / ~ ) 0 . 6 3 R e  °5° 

(circular) (4) 

Nu (or Sh) = (1.07 + 0.015Tux~R~)o.55Re °5° 

(elliptical,/~of = dre0. (5) 

The experimental values and the values calculated 
using equations (4) and (5) are given in Fig. 11. The 
average absolute difference between the experimental 
and the calculated values for the two cylinders is 
approximately 5%. 
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Fig. 11. Experimental mean transfer coefficients on the cir- 
cular cylinder (solid symbols) and on the elliptical cylinder 
(open symbols). The calculated values coming from equation 
(4) are in solid lines and from equation (5) in dashed lines. 
(1) Tu~ = 1.5% (diamond); (2) Tu~ = 6% (dash); (3) 
Tu .~=l l% (triangle); (4) Tu~=19% (star); (5) 

Tu~ = 40% (square). 

CONCLUSION 

This study indicates that the transfers on both a 
circular and an elliptical cylinder are equally affected 
by the air velocity and by the turbulence intensity. 
The effect of  the free stream turbulence intensity was 
important  even for large turbulence intensities of  the 
order of  40%. 

The effect of  free stream turbulence intensity seems 
to have been independent of  the pressure gradient 
and of  the degree of  turbulence isotropy. Thus the 
intensification of  transfers was described by a single 
relation for the circular and for the elliptical cylinders. 
Finally, two relations proport ional  to each other were 
used to describe all the experimental results in the 
range of  3000 < Re < 40000, 1% < Tu < 45%. 

The influence of  the elliptical cylinder ratio on the 
mean transfer coefficients values was much less than 
the effect of  the air flow properties. If  this conclusion 
is confirmed for bodies other than cylinders, the shape 
effect could be taken into account by a single factor 
provided that a suitable reference length can be found. 
Then the relations proposed in this paper corrected 
by a shape factor (experimentally determined at any 
turbulence intensity) could be used to calculate the 
exchanges at the surface of  complex bodies. 

This paper confirms that the local transfer 
coefficient is much higher at the stagnation point of  
an elliptical cylinder than elsewhere at the surface. It 
will be of  great interest to know if similar discrepancies 
exist on bodies other than cylinders. Further  studies 
would also be necessary to quantify the combined 
effect of  free stream turbulence and blockage ratio on 
transfer coefficients. This subject is very important  for 
transfers in packed beds and in exchanger design. 
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