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Abstract-A new method for the transformation of turbulent Stanton numbers measured in the annular 
channel geometry was developed. The method is based on the solution of the simplified differential energy 
transport equation of the turbulent flow. To test this method, different heat-transfer calculations in the 
channels with smooth and rough surfaces are carried out. For comparison some other transformation 
procedures are also applied. The thermal performances of a particular roughness evaluated from the 
single rod experimental investigation, are used in a computer code to calculate the temperature 

distribution of a 37 rod bundle. The analytical predictions are compared with the experimental results. 
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NOMENCLATURE 

thermal diffusivity ; 
specific heat ; 
constant; 
diameter; 

Greek symbols 

hydraulic diameter; 
friction factor; 
roughness function for heat transport; 
rib height; 
dimensionless rib height or local rib 

Reynolds number [e u,/v] ; 
heat conductivity; 
pitch of the ribs ; 
pressure ; 
Prandtl number ; 
turbulent Prandtl number; 
heat flux ; 
radius ; 
dimensionless radius [r . u,/v] ; 
roughness function of momentum 
transport ; 
Reynolds number; 
Stanton number; 

Stanton number multiplier; 
absolute temperature (time mean); 
temperature fluctuation; 
dimensionless temperature defined by 
equation (9); 
axial (time mean) velocity; 
axial velocity fluctuation; 
dimensionless axial velocity [u/uJ ; 
shear stress velocity [(z,,,/p)“‘] ; 
radial velocity (time mean); 
radial velocity fluctuation; 
rib width; 
axial distance ; 

density ; 
kinematic viscosity; 

dynamic viscosity ; 
shear stress ; 
difference; 
eddy diffusivity of heat ; 
eddy diffusivity of momentum. 

Indices 

1, 

2, 

b, 
c, 
in, 

m, 
o, 
s, 
t, 
w, 

inner channel wall or transformed value for 
inner channel; 
outer channel wall or transformed value for 
outer channel ; 
bulk ; 
calculated, 
inlet ; 
maximum velocity position ; 
zero shear position ; 
smooth ; 
tube ; 
wall ; 
mean value over the cross section. 

1. INTRODUCTION 

1.1. Description of the problem 
THE ANNULAR test section is a very convenient form 
of simple experimental channel for the fluid flow and 
heat-transfer investigations. Most of the experiments 
for the determination of thermohydraulic perform- 
ances of rough surfaces were carried out in this 
channel geometry. In order to apply the annular 
experimental results to the more complicated chan- 
nel geometries, these results must be transformed, 
considering changes in: 

distance from the channel wall; General flow conditions ; 
dimensionless wall distance (JJ. q/v). Channel geometry ; 
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FIG. 1. A consistent EIR approach for evaluating the performances of rough surfaces and their 
consideration under different channel geometries. 

Surface quality of the walls (proportion of rough 
to smooth surfaces in the channel); 

Heat fluxes on the walls or proportion of heated 
to unheated surfaces. 

The usual methods proposed for handling the 
experimental results do not make full allowance for 
the differences between experimental and actual 
channel. Therefore the direct transformation of the 
results is not generally possible. The methods 
attempt to reduce the experimental results to the 
uniform boundary conditions of the experimental 
channel. Unfortunately, for the asymmetric velocity 

profiles typical of annulus geometries, the accurate 
transformation procedure becomes more difficult. In 
case of inner rough and outer smooth wall surfaces 
(normal experimental situation) this asymmetry is 
more pronounced. Additionally, the similarity of the 
velocity and temperature profiles cannot be assumed 
due to the unilateral (inner wall) heating. 

1.2. Choice of a consistent approach@ eduating the 
performance of rough su+ces 

Contemporary to the experimental investigation of 
different rough surfaces in an annular channel 
geometry, suitable methods for the evaluation of the 
measured results were studied and compared. As a 
result of these investigations at EIR, the clear need 
for a consistent evaluation approach was acknowl- 
edged. Furthermore, to simplify the comparison of 
the experimental results of different investigators, 
the standardization of the evaluation methods is 
strongly recommended. 

The general approach to evaluate the thermo- 
hydraulic performances of rough surfaces was 
worked out and published in 1974 [I]. This basic 
approach was recently reviewed and adapted at 
reasonable experimental costs considering that the 
main purpose of the transformation procedure is to 
achieve an acceptable accuracy in predicting the 

temperature and pressure distributions in rod 
bundles. This new approach is presented in Fig. 1. The 

evaluation of the thermohydraulic performances of 
the rough surfaces is based on the roughness 
functions R and G. The definition of these fundamen- 
tal functions which provide local boundary con- 
ditions to the flow field were reviewed by Lewis who 
also summarised their limitations [2,3]. Lewis and 
other authors assumed that these functions are 
invariant with the change in the core flow geometry. 
The results of the experimental investigations trans- 
formed with the usual methods don’t confirm this. 
Assuming that the R and G functions are adjusted to 
the core flow geometry or in the case of channels 
where this channel geometry effect can be neglected, 
these functions provide the boundary conditions for 
the analytical solutions of the core flow in any 
system. That is, once these functions are known, the 
friction factors and Stanton numbers may be 
determined for any channel by solving the equations 
of the core momentum and heat transport matched 
to these boundary values. To obtain the R and G 
functions from the experimental investigation in 
annular channels a decision about the standard 
method of the evaluation of these experimental 
results should be made. The choice of this method 
should be based on the comparison of the R and G 
values (or transformed friction factors and Stanton 
numbers) obtained by different transformation 
methods and on their experimental confirmation. 
Earlier investigations show an acceptable agreement 
in the transformed friction factors, but, on the other 
hand, considerable differences between the results of 
the different evaluations of the heat transfer exper- 
imental data. This leads to the conclusion that further 
investigation and improvement of the transformation 
methods are needed before the final choice for the 
standard method can be made. The R and G 
functions can then be inserted in the computer codes 
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for bundle geometry calculations. Different computer 
codes should be used for extensive bench mark 

calculations. Based on the comparison of the 
different predictions with the results measured in 
bundles these codes should be continuously im- 
proved. The benchmark calculations together with 
the experimental verifications are of a decisive 
importance for the final choice of an appropriate 
computer code. 

1.3. Review of the recent established methods for 

Stanton number transformation in annuli 

A basic method for the transformation of exper- 
imental results obtained in annular channels was 

proposed by Hall [4]. This method is based on the 
measured velocity and temperature profiles. The 
influence of the rough inner wall of the annulus on 
the heat transfer characteristics of the flow is 
incorporated directly into the Stanton number as an 
integral quantity. 

Instead of solving the differential energy equation, 
the principle of superposition based on the known 

temperature distribution in the channel was used. To 
avoid the measurements of the temperature profile 
many approximate solutions have been proposed by 

different authors. A survey of these methods up to 
about 1970 was given by Wilkie [5], Kjellstram [6] 
and Mark&y [7]. Most of these methods were 

experimentally checked and gave satisfactory results 
at least in a limited range of the experimental 
investigations. Few of them were used as practical 
semiempirical equations introducing some additional 
correction factors. 

In the following, the methods for the Stanton 
number transformation recently applied by different 
investigators are shortly described. 

Hall-Kjellestriim transfbrmation [6]. A com- 
bination of the simplified “equivalent conductivity” 

(assuming eddy diffusivity of heat is constant and 
predominant out of thermal boundary layer) and 
“laminar sublayer” concept is used to calculate the 
transformed Stanton number for a unilaterally 
heated annulus. To obtain the roughness function G, 
the heat transfer similarity law of Dipprey and 
Sabersky [8] is applied. 

Rapier transformation [9]. In this transformation, 
the assumption of a linear shear stress distribution 
together with the Reynolds analogy is applied. The 
investigation over the channel is made assuming the 
eddy diffusivity of heat to be constant. The variation 
of the heat flux between inner and outer wall is taken 
into account. The effect of the curvature of the walls 

is approximated by an additional correction factor. 
The original method gives only the transformed 
Stanton number, but the G values can be calculated 
according to the heat transfer similarity law of 
Dipprey and Sabersky. 

Nathan-Pirie transformation [lo]. The Nathan- 
Pirie method is based on the empirical models obtained 
by fitting the experimental results for different 
transverse and helically ribbed surfaces in limited 

Reynolds number and friction factor ranges 
(0.04 < f, < 0.16; 5. lo4 < Re < 3. 105). The trans- 

formed Stanton numbers can be used to calculate the G 
function from the similarity law. 

Dalle Donne-Meyer transformation [ll]. It is 
assumed that, for the unilaterally heated annulus, the 
dimensionless temperature profile can be represented 
by a logarithmic law. This logarithmic temperature 
distribution is matched to give the measured Stanton 
number (alternatively the measured temperature of 
the outer wall can be fitted in the logarithmic 
distribution). The value of the G function is defined 

as the additive constant of the logarithmic law. In 
order to compare the transformed Stanton numbers 
with those of other methods, they are calculated 
considering the logarithmic temperature profile in 
the inner region of the annulus. 

2. TRANSFORMATION PRINCIPLE 

2.1. Application of the annular experimental results to 

the bundle conditions 

Important differences can be observed when the 
rod bundle and the simple single channel experimen- 
tal conditions are compared. It should be mentioned 
that the changes in channel geometry, heating and 
surface quality of the walls are considered here. The 
effect of the differences in Prandtl and Biot numbers, 
which are also very important, are not discussed in 
this report. 

Two methods of application of the single rod 
experimental results to the rod bundle geometry are 
recently in use. 

Direct method. The transformed experimental 
friction factors and Stanton numbers obtained in 
single channel geometries for a particular roughness 

shape can be directly applied in other more complex 
channel geometries, assuming that the equal hy- 
draulic diameter concept (in fact the relative value 
h/d,,) is valid. The measurements with the same 
rough rod, but different diameter ratios of the test 
section show, particularly at low Reynolds numbers 

[12], significant deviations in the transformed quan- 
tities for equal h/d,, values. In practice, this method 
gives acceptable results if the “annular” concept can 
be applied to the bundle geometry and the ratios 
rO/rI of the two geometries (experimental and 
“equivalent” annulus geometry of the bundle) are 
approximately equal. Generally the hydraulic dia- 
meter approach is only an approximative solution. 
The roughness performances are very strongly 
dependent on the h/d,,, values but this parameter 
does not completely describe the changes occurring 

in the channel geometry. In spite of all, this method 
should be preferred if one wants to keep the 
computer codes for bundle calculations as simple as 
possible. 

Use of roughness functions R and G. A more 
general transformation of the experimental results to 
the bundle conditions is achieved by introducing the 
roughness functions R and G as the boundary 
conditions for the rough surfaces. The comparisons 
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FIG. 2. Application of the new transf~r~a~j~~ method to the annular channel. 

between the R and G values obtained in different 

channel geometries (tubes, flat walls, annular chan- 
nels) by the recent evaluation methods, show a 
considerable scatter of the results. These differences 

can be explained by the great sensitivity of the R and 
G values to the accuracy of the measurements, but 
also, it can be assumed, by influences of the flow 

thickness yO+ and the wall curvature. Baumann and 
Rehme [13] carried out an extensive study of the 
experimental friction results for rectangular ribs. 

They introduced an additional explicit parameter 
k/y0 for the correlation of the R function. Due to the 
connection between the roughness functions (simi- 

larity law) an important effect of this parameter on 
the G function can be assumed. The influence of the 
relative Row thickness ye/h on the R and G functions 
was earlier observed in an experimental investigation 

of different other roughness shapes [14]. Unfor- 
tunateiy not enough experimental data are available 

to derive the corresponding correlations. Consider- 
ing the assumptions made in the recent transfor- 
mation procedures it cannot be excluded that the 
differences in the R and G values are due to the 
imperf~tions of these methods. More accurate 
solutions of the differential equations of the core flow 
can probably reduce these differences to a practically 
negligible amount. 

To reach a satisfactory prediction of the pressure 
and temperature distributions in a rod bundle, the 
following requirements to a transformation method 
are regarded as very important : 

Consistency and compatibility of the method. 
The same transformation procedure should be 
used for the evaluation of the experimental 
results and of the analytical predictions ; 
Consideration and full inclusion of the different 

boundary conditions typical of the different 
geometries ; 
Solution of the core flow differential equations 
for the different channel geometries. 

None of the usual transfo~ation methods can fulfil 
all those requirements, 

2.3. Principle of the new transformation method and 
its applicatiun to the annular charmel 

The new transformation method is based on the 
solution of the differential equations of the core flow 
obtained by the “eddy diffusivity” concept. In these 
solutions the particular boundary conditions of the 

channel geometry are taken into account to obtain 
the corresponding dimensionless velocity and tem- 
perature distributions. Integrating these profiles over 

the Row cross section the mean dimensionless values 

of velocity and temperature are determined. Then, 
the corresponding friction factor and Stanton num- 

ber can be calculated considering the well known 
connections between these integral performances and 
the mean values of dimensionless velocity and 
temperature. 

Because of the considerable differences between 
the results of the transformed Stanton numbers, the 
investigations were started in arder to improve the 
evaluation of experimental heat-transfer results ob- 

tained in an annular channel geometry. It is therefore 
assumed that the momentum transport equation is 
already solved and all important quantities (radius 
of zero shear surface, R function, velocity distri- 
bution and friction factor) are known. The value of 
the G function is determined matching the analytical 
solution of the core flow energy transport with the 
measured Stanton number. This value is then used to 
calculate the transformed Stanton number in an 
annutus with the equal inner subchannel and the 
following uniform boundary conditions: 

The same roughness form on both walls af the 
annulus; 
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Both walls heated, where the ratio of the heat 
fluxes is determined from the condition of adia- 

batic zero shear plane, 

%=0 atr=r. 

ar ’ 
0 

The calculation flow diagram for the application 
the method to the annular channel is presented 

Fig. 2. 

of 
in 

3. HEAT TRANSFER EQUATIONS 
FOR ANNULUS 

3.1. Basic energy equation 
To simplify the analytical treatment, the following 

basic conditions and assumption are considered: 

Steady state, fully developed turbulent and incom- 
pressible flow; 
Uniform heat flux; 

Symmetric channel geometry (no eccentricity 
therefore two dimensional problem (x, r)); 
All important quantities (i.e. velocity, fluid proper- 

ties, pressure and temperature) are separated in a 
time mean value and a fluctuating component ; 
All mean quantities are constant in the circumfer- 
ential direction; 
The mean velocity in other than axial direction is 
zero ; 
The fluid properties across the channel and within 
one axial calculation step are assumed to be 
constant ; 
The momentum equation is already solved and the 
radial distributions of velocity, eddy diffusivity of 
momentum and shear stress are known; 
The boundary conditions at the inner, roughened 
wall are: 

r=r,,u=O, v=O 

u’ = 0, v’ = 0 

r=r,+h,u+ =R, T+=G; 

(Similar set of conditions is used for the outer wall 
if the transformation to the uniform boundary 
conditions is accomplished.) 
The boundary condition at the outer wall .(r = r2) 
are: 

Smooth wall surface 

u = 0, v = 0, 
u’ = 0, VI = 0, 

aT 
T = Tw2, 4” = 0, ar = 0, 

(adiabatic outer surface, therefore heat losses 
neglected). 

The energy equation without viscous dissipation can 
then be written: 

c,pug-ii[rpc,(a$$F)]=O. (1) 

3.2. Eddy di$usivity concept 
The main problem to solve the energy equation (1) 

is to find an acceptable relation for the fluctuation 

term v’T’, which governs the heat transport 

mechanism. One of the suitable approximations is to 
introduce the wall known eddy diffusivity concept. 
According to its original definition, this model is 
restricted to the flows with symmetric velocity 

profiles. For asymmetric profiles the displacement 
between the zero shear surface and the surface of the 
maximum velocity is caused by the diffusion of 

turbulence energy across the zero shear surface. 
Although this effect can only be described with more 
sophisticated models of turbulence the usefulness of 
the approximation with the eddy diffusivity model 
was confirmed by many authors for momentum 
[15517] and heat transport [18]. With this concept a 
new fundamental analogy between heat and momen- 

tum transport is obtained allowing the energy 
transport across the zero surface to be considered. 

If the eddy diffusivity of heat (eddy conductivity) 
defined by equation (2): 

is considered, the equation (1) can be rewritten: 

c,pu g - i $ 
[ 

rpc,(a +2+) g 1 = 0. (3) 

The eddy diffusivity of momentum (eddy viscosity) is 
assumed here to be known, therefore the in- 
troduction of its correlation with the eddy con- 
ductivity is very useful: 

(4) 

For the fluids with Prandtl numbers close to 1, an 
already simple expression for the turbulent Prandtl 
number Pr, leads to satisfactory results. 

3.3. Heat$ux distribution 
The direct solution of equation (3) can be 

bypassed using the following expression for the heat 
flux in the radial direction: 

^I 

4”(r) = -pc,(a+eJ $. 

The equation (3) changes to equation (6): 

pc,u g + i $ (r$‘) = 0, 

and the integration of this equation, gives: 

q’ = - pc,ur g dr +c. (7) 

The values p, cp and aTlax do not change in the 
radial direction. Considering constant properties and 
the fully developed flow conditions, 

;($)=O=;rg), (8) 
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where the dimensionless temperature is defined by 

I!-+ Z (T,-7-j%, 
(18) 

$:: 
(9) 

r* = (7,,-T,)F. 
.* 

Replacing the mean temperature difference in equa- 
the equation (7) reduces IO: tion (16) according to equation (18), the bulk 

(7T 

s 

Stanton number is a function of the mean dimen- 
rLj”(Y) = - pc, 1 urdr$c. (10) 

CY sionless velocity and temperature values: 

With the boundary condition of the inner wall of the St&. (19) 
annulus the heat flux distribution in the radial 
direction is obtained Under the hypothetical transformation conditions 

J 

” 
urdr. (I I) 

the outer wall is also heated. The corresponding two 
Stanton numbers are then given by: 

II 

Integrating equation (11) over the whole channel, the 

axial temperature gradient in case of a heated outer 
wall is determined: 

2T Q;‘,,r, -&Jz) -=- 
3.x pc,G(r: - r:) 

(12) 

Combination of equations (11) and (12) leads to the 
following final equation of the heat flux distribution: 

If equations (4) and (5) are combined and the 
dimensionless forms of radius and temperature, 
related to the inner wall of the annulus are used, the 
following expression is obtained : 

Pr PP, 

The radial temperature distribution can therefore be 
calculated from the following equation: 

T+(r) =: Pr 
i‘ 

r 4”hC.u. dr, 
(15) 

I, , 

3.5. Stanton number calculation 
The bulk Stanton number is normally employed 

as the fundamental integral parameter for the heat- 
transfer calculation in simple duct channels. In case 
of unilateral heating in an annuius, i.e. under normal 
experimental situation the Stanton number is given 

by, 

The temperature difference (7;,, -r,) can be ob- 
tained if the mean dimensionless temperature is 
calculated over the entire channel. 

T’ = .---. T’urdr. (17) 

Considering the definitions of the bulk and the 
dimensionless temperatures, the following relation 
between T+ and (T,, - Th) is evident: 

St,, = _I 
T,+U: 

The two mean dimensionless velocities and tempera- 
tures in equations (20) and (21) are calculated 
between the corresponding wall and the radius of the 

adiabatic surface. 

4. SOLUTION OF ANNULAR EQUATION 

The quality of the solution obtained with the new 
method depends considerably on the accuracy of the 
temperature distribution calculated from equation 
(15). The choice of the eddy di~usivity of momentum 
and the turbulent Prandtl number which appear in 
this equation is therefore of great importance. 

4.1. Eddy dijfusivity qf momentum 
Many investigators proposed analytical ex- 

pressions for the distribution of radial eddy viscosity 
in the simple channel geometries. One of the most 
known is that given by Reichardt [19] for smooth 
pipe flow. However, no satisfactory expression exists 
which would be completely consistent with the 
physical conditions of the turbulent flow in different 
channels. Appreciable deviations appear mostly in 
the central region. The most important constraints 
for the cM distribution giving an adequate expression 

for the turbulent velocity distribution can be 
generally summarised as follows: 

1. The eddy diffusivity should vanish at the wall; 
2. The analytical velocity derivative should give a 
zero value in the central region of the channel i.e. 
at the experimentally determined position of 
maximum velocity ; 
3. The continuity equation should be satisfied in 
such a way, that the integration of the predicted 
velocity ,distribution leads to the correct mean 

velocity ; 
4. The shear stress distribution should give ac- 
ceptable friction factors with its Reynolds number 

dependency; 
5. The calculated velocity distribution should 
agree with the best available experimental data, 
particularly in the central channel region. 

All these conditions can be fulfilled for the tube 
and other simple channels with symmetrical velocity 
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distribution. In case of an annulus, the conditions 2, 

4 and 5 must be separately checked so that the 
corresponding Ed distribution matches the exper- 
imental results. 

The eddy viscosity distribution in the annulus can 
be determined experimentally if the pressure drop 
and velocity profiles are measured (condition 2). 

1 dp Y;-r2 
& - %l-jzdu-V. (22) 

The measurements of different investigators [20-231 
show that the radial variations of the +, in an 

annulus is very similar to those of tube experiments. 
For moderate radius ratios of practical interest 
(0.28 < d,/d, < 0.75) the same distribution of the 
normalized dimensionless eddy viscosity (c&)/y, 
was observed by Jonsson and Sparrow [20]. The 
curves have a similar form with the ones proposed 
by Reichardt for smooth tubes. It is normally 
assumed that the positions of zero shear stress and 
maximum velocity surfaces coincide, which is a good 
approximation for a smooth annulus with moderate 
radius ratio. In case of a partially rough annulus the 
displacement between these two positions is much 
larger. In order to fulfil the condition 4 the 
expression for the Reynolds stress must be corrected: 

show no uniform and consistent results [25]. Most of 

the measurements are available for gases for which 

the molecular Prandtl number is close to unity. 
Ludwig [26] measured the variation of Pr, with the 

radius of the tube for air. The measurements indicate 
that Pr, varies smoothly and continuously from the 
value of about 0.9 at the wall, to about 0.6 at the 
center. These results are also in agreement with 
Taylor’s vorticity theory [27]. Most of the existing 
theories assume Pr, = 1 or an average and constant 
value. The results obtained by such assumptions are 
acceptably close to the measurements and suitable 
for most practical purposes. Gowen and Smith [28] 

investigated the change in Pr, numbers against the 
radial position for turbulent air Row in smooth and 
rough tubes. The results of smooth tubes agree very 
well with those of Ludwig. Additionally important 
information about the effect of the roughness on the 
Pr, was obtained. The changes in the radial direction 
are slightly more pronounced than in the smooth 
tube and the Pr, values are generally (for about 20%) 
higher. The effect of the Reynolds number was 
investigated by different authors [29%31] and found 
to be important. 

The shear stress distribution is given by 

From the momentum balance, the approximate 
equation of the shear stress distribution in an 
annulus is determined by 

1 dp ri-r2 

‘=zz r 
(25) 

Combination of equation (22), (24) and (25) leads to 

the expression for the correction term AT: 

A7 _ 1 dp d-2, 
2 dx 7’ 

(26) 

4.3. Particular solutions 
To solve the annulus equations, two- procedures 

were investigated: 

Numerical integration; and 
Simplified solution with direct, analytical 

integration. 

Numerical integration. The main emphasis of this 
solution is to verify the quality of different other 
simplified methods for the evaluation of measured 
results. The development of the corresponding 
computer code NANOC was initiated after some 
encouraging results were obtained by Lawn with the 

O’OY 

The changes of Ed with the Reynolds number can be 
determined by matching the measured velocity 
profiles (combination of the conditions 4 and 5), i.e. 
the Q,,, values are to be changed until a satisfactory 
agreement between calculated and measured vel- 
ocities is achieved. 

4.2. Turbulent Prandtl number 
Relatively few experimental investigations have 

been carried out to determine the temperature profile 
for heat transfer in turbulent flow. These profiles are 
needed, together with the distribution of eddy 
viscosity to calculate the turbulent Prandtl numbers. 
The first statement of Reynolds [24] using Pr, = 1 

has been questioned by many authors. Numerous 
attempts to obtain direct experimental evidence 

“.MT zz:n, I 

--- 
L- Reichardt - tube 

curves 
Jonsson and Sparrow - annulus 

3.1~10‘CRec1.27~105 

Slmpk. --- 
L- Lawn - far all Re 

tInear 
dlstnbutlons 

equation ( 27) for Re = 2 .lO‘ 

FIG. 3. Approximate values of eddy diffusivity used in 
different calculation models. 
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code [18]. Because of the subdivision of 
the annufus in very small caIculation zones, the Iocal 

applied for the calculations of temperature distri- 
bution in smooth and rough rod bundles. For these 

conditions in the radial direction are considered. The calculations a corresponding subroutine FASTCAL 
velocity and temperature profiles are obtained by is developed and incorporated in the two subchannel 
means of the “eddy diffusivity” concept for momen- analysis codes SCRIMP and CLUHET. 
turn and heat transport. The values of the eddy 
viscosity were determined as the best fit of the 
available experimental investigations [18--20, 23, 32, J. APPROVAL OF THE METHOD 

333. The typical curves according to different 5.1. ~o~n~~r~s~~ @ rise ~~~~~~r ~~~~~~~r~?~~~o?l 
experimental informations are presented in Fig. 3. A ~~~~~~~~ 
curve similar to that of Jonsson and Sparrow is In order to compare the results of the different 
chosen for the numerical integration. Different transformation methods some results of the exper- 
turbulent Prandti numbers for smooth and rough imental investigations with air [14] are revaluated. 
subchannels, according to the measurements of The rest&s of the rod 26 with the roughness of 
Gowen and Smith are taken. rectangular rib profile, measured at the highest hC 

Simplified solution. NANOC is a relatively large value are used for these calculations. The characteris- 
computer code requiring a lot of computer time. tics of the roughness shape are outlined in Table 1. 

Table 1. Roughness characteristics 

Therefore it is not suitable as a standard evaluation 
method for extensive measurement programs. The 
following simplifications are introduced, concerning 
both the calculation procedure and the radial 
distribution of the irn~~ant quantities, to obtain a 
simphfied computer code STANTRA: 

The “eddy diffusivity” concept is applied onIy for 
the solution of the energy equation; 
The numerical integration is replaced by a direct 
analytical integration. This was made possible by 
dividing the channel in a few zones where the local 
values of velocity, eddy diffusivity and turbulent 
Prandtl number can be represented by simple 
analytical functions; 
The eddy diffusivity distribution, linear near the 
wall and constant in the core flow is presented in 
Fig. 3 for Re = 2. 104. For Reynolds numbers 
higher than 10’ the distribution is approximately 
equal to those successfuhy used by Lawn [ 1st. 
The Reynolds dependency on the sM values in the 
core Row (y/y,,, > 0.23) is determined by the 
following equation: 

(27) 

The turbulent Prandtl number is assumed to be 
constant in each of the channel zones. These 
values are based on the radial distribution 
measured by Gowen and Smith [28]. 

The same procedure as was developed for the 

rt/rz = 0.586 r,/rO = 0.658 
Pr = 0.702 TJT, = 1.099 

Ret = 532.10” j; = 1.075-10-i 
h+ = 91.5 R = 4.64. 

The roughness function G and the transformed 
Stanton number for the inner, rough subchannel of 
the annulus are calculated. In order to obtain the 
Stanton number multipliers, the transformed Stan- 
ton numbers for the smooth inner subchannel are 
also calculated. The method applied to the rough 
surface is also used for the smooth Stanton number 
transformation. This is done to ensure the con- 
sistency of the data. The transformed rough Stanton 
number is also related to the corresponding smooth 
tube value. This type of multiplier was often used by 
other investigators. For the transformation methods 
where the G function was not originally introduced, 

evaluation of the annular experimental resufts is also the value of this function is calculated from the heat 

The rectangular profile has been investigate to a 
large extent and was chosen because of the great 
amount of available experimental data. All trans- 
formation methods shortly described in Section 1.3, 
together with the new method, are applied. The 
friction data for the entire annufus are transformed 
for the inner subchannel according to the simplism 
Hall method. These transformed results were found 
to be very close to the results of other established 
methods for friction factor transformation and are 
therefore used as a starting point for all Sr 
transformation methods. Other important data are 
summarised as follows: 
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transfer similarity law of Dipprey and Sabersky [8] rounded ribs of trapezoidal profile perform better 

f1 1 
than the sharp edged rectangular ones. The trape- 

-- 
8.St, zoidal type of rib was therefore proposed for the use 

G=R+-----. 
m 

(28) in the GCFR [34,35]. To obtain more accurate 
absolute values of the roughness functions, ad- 

In addition to the simplified solution some NANOC ditional single rod tests with various gases under 

calculations are also carried out. This code is still high pressure (- 40 bar) and high temperature (up to 

under development and with the present version, 920K) conditions, were carried out [36]. The 

only the R and G values can be evaluated. roughness characteristics of the two rods tested are 

The results of the different calculations are given in Table 1. The heat transfer results, obtained 

summarised in Table 2 together with the percentage in CO2 for the wall to bulk temperature ratios 

of the deviation from the results of the new between 1.1 and 1.6, were transformed according to 
transformation method. the new method. The evaluated roughness function 

Table 2. Comparison of results of different transformation methods 

5.2. Evaluation of the heat transfer roughness function 
for surface roughness with rounded trapezoidal ribs 

In order to choose a suitable rough surface for the 

application in gas cooled fast reactor (GCFR) core, 
different roughness shapes were tested with air in a 
simple single rod experiment. Based on a relative 
evaluation of the results, it was found that the 

G is presented in Fig. 4 and can be approximated for 
the range of h+ between 25 and 300 by the following 

equation: 

G = 4.5. ,.,+“‘“. p,.0.44, (29) 

5.3. Application of the evaluated heat tram@ rough- 
ness function to the rod bundle calculations 

The evaluated heat transfer function G was used in 
the subchannel analysis computer code SCRIMP 
[37] in order to predict the wall temperature 
distribution in a 37 rod bundle of hexagonal cross 
section. The predicted values can be compared with 

the results measured in the AGATHE HEX exper- 
iment [3X]. In this experiment, with CO, as a 
coolant, a typical GCFR fuel assembly was simu- 
lated with 37 electrically heated rods. The measured 
local wall temperatures, under fully developed turbu- 
lent flow conditions, are presented for the two 
different Reynolds numbers in Figs. 5 and 6 together 
with their analytical predictions. 

10' 2 1 ‘ 5 6 7 ~910~ h' 2 3 L s 

FIG. 4. Roughness function G for ribs with rounded 
trapezoidal profile, evaluated from the single rod exper- 

iment in CO,. 

6. DISCUSSION OF THE RESULTS 

Comparing the results of different transformation 
methods (Table 2), it can be seen that the G values 
obtained with the simplified version of the new 
method is slightly higher than calculated by the 
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FIG. 5. Comparison between measured and calculated 
temperature distribution in a hexagonal 37 rod bundle at 
high Reynolds number Re = 3.35. 105: 7;,, = 104”C, 

P = 39.6. lo5 Nm-*, 4” = 75.8 Wcm-*. 
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FIG. 6. Comparison between measured and calculated 
temperature distribution in a hexagonal 37 rod bundle at 
low Reynolds number Re = 3.5. 104: T,, = 103”C, 

P=6.7~105Nm-2,~“=6.5Wcm-Z. 

Hall-KjellstrGm method, but very close to the results 
of the NANOC code. The G values of other methods 
are considerably higher. The highest deviation of 
+ 13.5% is noticed for the method of Dalle 
Donne-Meyer. 

A very good agreement in the absolute values of 
the transformed rough Stanton numbers is reached 
between the method developed by the author and 
the methods of Rapier and Nathan-Pirie. The 
simplified HallLKjellstrGm method gives con- 
siderably higher values and the method of Dalle 
Donne-Meyer slightly lower values. Similar be- 

haviour can be established for the transformed 
smooth values except for Rapier’s method which 
seems to be unfit for the transformation of the 
smooth Stanton numbers. For other than Rapier’s 
method an acceptable scatter of the annular multi- 
hers is observed. For the multipliers related to the 
tube St values, the same conclusion is evident as for 
the absolute values of the transformed rough 
Stanton numbers. 

Based on these comparisons, the simplified 

Hall-Kjellstriim method and the method of Rapier 
cannot be generally recommended for further use, 
but may be suitable for simple calculations in 

particular cases. 
For the application of the heat transfer data by the 

hydraulic diameter concept the method of Nathan 
and Pirie seems to be very useful. This calculation is 
very simple. However, because of the empirical basis 
of the method, the validity of the transformation for 
other than rectangular ribs should be additionally 

confirmed. 
The method of Dalle Donne and Meyer gives 

generally the lowest heat-transfer performances 
(highest G and lowest St, values). However, if this 
method is consistently used, the deviation in the G 
function is not so important, at least for the high 
Reynolds number. The use of the G values calculated 
from the general correlation for rectangular ribs 
given by Dalle Donne and Meyer [I I] is restricted 
to their method. Applied to other methods these 
values cause an additional decrease of heat transfer 
performances which may produce too pessimistic 

results. 
The analytically predicted local temperature distri- 

bution in a hexagonal 37 rod bundle, based on the 
application of the G function estimated by the single 
rod experiment, are in good agreement with the 
experimental information. The deviation between the 

measured and predicted wall temperatures the 
bundles are less than *3”,, of the total temperature 

increase (T, - 7;,,). 
Before the decision about a unique basic trans- 

formation method is made, further investigations are 
needed. These should be carried out under the 
particular conditions of lower Reynolds numbers, 
different ratios of the heat fluxes at the walls, 
different channel forms etc. The verification of these 
methods with the extensive experimental investi- 
gation in the bundle channel geometry may therefore 
be of a decisive importance. 

7. CONCLUSIONS 

Based on the solution of the simplified differential 
equation of the core flow, a new method for the 
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transformation of turbulent Stanton numbers mea- 
sured in the annular channel geometry was 
developed. 

10. D. I. Nathan and M. A. M. Pirie, On the in- 
terpretation of heat transfer and pressure drop tests on 
roughened rods in smooth circular channels, CEGB 

To test this method some results of a single rod 
experiment are revaluated. Based on the comparison 
of these results with those of different other trans- 
formation methods, the following conclusions can be 
drawn : 

No final decision about the best transformation 
method can be made at the present time. Together 
with the new method described here, the transform- 
ations of Dalle ~nn~~eyer and Nathan-Pirie 
can be recommended fbr the final selection; 
The values of the G function calculated by these 
three methods differ considerably but provided 
these methods are consistently used, the absolute 
values of the transformed Stanton numbers are 
within an acceptable range; 
The new method has the highest generalisation 
and development potentials. Not enough ex- 
perience with this method is available to date, but 
further investigations will probably show whether 
the expected advantages can be confirmed. Ad- 
ditional experimental information concerning the 
eddy diffusivity of momentum and the turbulent 
Prandtl number may still increase the confidence 
in the method and improve its accuracy under 
complicated flow and heat transfer conditions; 
The heat-transfer function G, evaluated by the new 
method, was applied to predict the temperature 
distribution in a hexagonal 37 rod bundle. The 
analytical results agree very well with the 
measured temperatures, the deviations being always 
less than & 3’>;. 
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EVALUATION DES PERFORMANCES DE TRANSFERT DE CHALEUR DES SURFACES 
RUGUEUSES A PARTIR D’ETUDES EXPERIMENTALES DANS DES CANAUX 

ANNULAIRES 

R&sum&-Une nouvelle methode a etti developpee, pour la transfo~tion des nombres de Stanton 
turbulents, mesures dans des canaux a geometric annulaire. La methode est basee sur la solution de 
l'kquation difErentielle simplifite du transport d’Energie en ecoulement turbulent. Pour controller cette 
mdthode, dilferents calculs de transfert de chaleur sont effect&s dans des canaux a surfaces lisses et 
rugueuses. A titre de comparaison, d’autres procedures de transformation sent aussi utilisees. Les 
performances thermiques d’une rugositt particuliere, haluies a partir de l’etude experimentale d’un 
barreau isolt, sont utilisees dans un programme d’ordinateur afin de calculer la distribution des 
temperatures dans un faisceau de 37 barreaux. Les predictions sont comparees aux rhltats 

BESTIMMUNG DER WARMEUBERGANGSEIGENSCHAFTEN RAUHER OBERFLACHEN 
AIJS DER EXPERIMENTELLEN UNTERSUCHUNG IN RINGKANALEN 

Zusammenfassu~-Eine neue Methode fir die Transformation der im Ringkanal gemessenen 
turbulenten Stanton-Zahlen wurde entwickelt. Die Methode basiert auf der Losung der vereinfachten 
Differentialgleichungen des turbulenten Warmeaustausches in der Striimung. Urn die Methode zu priifen, 
wurden verschiedene Warmeiibergangsrechnungen in KanPlen mit glatten und rauhen Oberfllchen 
durchgefuhrt. Zum Vergleich wurden einige andere Transformationsmethoden angewandt. Die vom 
Einzelstabexperiment gewonnenen them&hen Eigenschaften einer bestimmten Rauhigkeit wurden in 
einem Rechenprogmmm verwendet, urn die Temperaturverteilung in einem 3’7~Stab-Biindel zu berechnen. 

Die analytischen Voraussagen wurden mit den ex~rimentellen Resuttaten verglichen. 

OHEHKA XAPAKTEPMCTMK TEIlJlOO6MEHA UIEPOXOBATblX HOBEPXHOCTEH HO 
PE3YJIbTATAM 3KCIIEPMMEHTA_JlbHOI-0 MCCJIEAOBAHM~ KOJIbHEBbIX KAHAJIOB 

AHHoTaunn- Pa'S@iOTaH HOBb6 MeTOiI On~~e~e~~~ Ty~y~eHTHblX YNCeJ, CT3HTOHa. R3MepHHbIX 

B KOnbueBbfX KaHa.ZaX. MeTon OcHOBaH Ha ~meHmf yRpOlWHHOr0 n~~~~HuuaJlbHOr0 )'PaBHeHWi 

nepeuoca 3neprm4 ryp6ynenriioro noToxa. Ana npoeepxu MeTona abmonHeHb1 pacseTb1 npoueccoe 

TelUlOO6MeHa B KiiHa”aX C rJWiKHMM H mepOXOBaTb,tvlH CTeHKaMH. Ann CpaBHeH”%l NCnOJIb30BaHbI 

Taxme npyrrie MeToflbI npeo6pa3oiwuis. Tennosbre XapaKTepHcTriKki wepoxosaTocTr4 ~0HKpeTHor0 

THna, OnpeneJTeHHble 113 3KCnepMMeHTa Ha eIuSHH'IHOM CTepxHe. 3anOEeHbl B npOrpaMMy 3BM LInn 

pacqtra pacnpeaenenaii reMneparyp a nygke ~3 37 crepxore8. Hpoeeaeno cpasuemfe pe3ynbTaToe 


