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Abstract. Tubular channels with rough walls are now widely used for the formation of heat
transfer surfaces of heat exchangers, which must meet the technical and economic require-
ments for power plants. Among these requirements, intensity and compactness are the main
ones. The implementation of these requirements is possible with the intensification of heat
transfer processes in a confined space. As shown by prior studies, the intensification of heat
transfer on rough surfaces is based on a complex analysis of the effect of roughness in geo-
metric parameters and thermophysical properties of heat agents on their efficiency. At the
same time, the results of these studies are limited to the investigated heat agents, as well as
the relative roughness heights. To compare the results of experimental studies on heat trans-
fer, a generalized mathematical expression is derived on the basis of the Lion equation. It is
intended for determining the heat transfer coefficient of rough surfaces taking into account the
influence of velocity distribution on temperature drop in the turbulent core of the flow and the
dependence of thickness of the viscous sublayer on the flow mode. The height is determined
as the key factor of roughness. Surface roughness is divided into technical and regular. Com-
parison of the obtained solution to the available experimental data on heat transfer in techni-
cally rough pipes showed a difference in the results up to 10%, while in pipes with a regular
roughness the divergence did not exceed 14%.

Keywords: roughness; tube; channel; intensification; heat transfer.

AHoTauis. {11 MOpiBHAHHS pe3yibTaTiB eKCICPUMEHTAIBHUX JIOCHTIPKEHb TEIUIOBiIadl
OTPUMAHO Yy3arajJbHCHUI MaTeMaTHYHWI BUpa3 Ha miAcTaBi piBHsHHA Jlaifona s
BU3HAYEHHs Koe(illieHTa TEIUIOBiAadi IIOPCTKUX MOBEPXOHb 3 YpaxyBaHHSIM BIUIUBY
po3moniTy MIBHAKOCTEH Ha Mepemaja TeMmmeparyp B TypOyJeHTHOMY SApi IOTOKYy Ta
3aJICKHOCTI TOBIIMHU B’S3KOTO TIAMIApy BiX pekuMy Tedii. B skocTi BU3HAYaIBHOTO
(akropy mopcrkocti BuniieHa ii Bucora. LIlopcTKoCTi MOBEPXOHb PO3AICHI HA TEXHIUHY
i perynsipay. [IopiBHSIHHSI OTPUMA@HOTO PILICHHS 3 HASIBHUMH EKCIIEPUMEHTAILHUMH JaHUMU
0 TEIUIOBia4i TEXHIYHO MIOPCTKUX TPYO MOKA3aJo BIAMIHHICTE B pesynbrarax 1o 10%,
B Tpy0Oax 3 peryssipHOIO HIOPCTKICTIO pO30KHICTE He mepeBuimia 14%.

Koiouogi ciioBa: mopcTkicTs; TpyOa; kKaHai; iHTeHCH(DIKallis; TeIuIoBiIada.

AHHoTanust. J[71s cpaBHEHUsI pe3yIbTATOB IKCIIEPUMEHTAIIBHBIX UCCIIEI0BAHUI TEIIOOTIAYH
MOJYYCHO O0OOIEHHOE MaTeMaTHYeCKOe BBIPa)KCHHUEC HAa OCHOBaHWM ypaBHeHUs JlaiioHa
JUTSL OTIpE/ICICHUST KO3 HUIIMEHTa TEIUIOOTAAud IIEPOXOBAThIX MOBEPXHOCTEH C y4EeTOM
BIIMSTHHSL paciipe/iesieHHsi CKOPOCTEH Ha repena/j| TeMiieparyp B TypOyJIEHTHOM siipe MOTOKA U
3aBHCHUMOCTH TOIIIMHBI BSI3KOTO ITOJICIIOS OT PEKUMa TCUCHHS. B KauecTBe Ompeerstonero
(hakTOpa 1I1EpPOXOBATOCTHU BhIJIeNIeHa ee BbicoTa. [llepoxoBaToCcTH MOBEPXHOCTEH paszesieHbl
Ha TEXHUYECKYI0 M peryisipHyto. CpaBHEHHE IMOJYYEHHOTO PELICHUS C HUMEIOIINMUCS
IKCIIEPUMEHTAILHBIMU JJAHHBIMHE 110 TEIIOOT/Ia4e TEXHUUECKH IIEPOXOBATHIX TPYO MOKA3aIIo
paznuuue B pesyisrarax 110 10%, B TpyOax ¢ peryssipHOi IepoXoBaTOCTHIO PACXOXK/ICHUE HE
npeBbicuio 14%.

KitioueBble ¢j10Ba: MIEPOXOBATOCTh; TPyOa; KaHa!l; HHTCHCU(DUKAIMS; TSIUIO0TAAYA.
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Problem statement. Tubular channels with rough | increasing the heat transfer area in a fixed volume while
walls are now widely used for the formation of heat | providing the conditions for minimizing the total energy
transfer surfaces of heat exchangers [1-4], which must | consumption for the motion of heat carriers.
meet the technical and economic requirements for power The resulting uncertainty between the intensification
plants. Among these requirements, intensity and com- | of heat transfer and the compactness of surfaces on the
pactness are the main ones. Implementation of these | heat carrier side is the source of the scientific problem.
requirements is possible with the intensification of heat To solve this problem, heat exchangers should fea-
transfer processes in a confined space. Existing ways of | ture the heat transfer intensity necessary for ensuring
heat transfer intensification are based on the balance of | their preset weight and dimensions, with a moderate in-
heat transferred between heat carriers through the sepa- | crease in hydrodynamic resistance. An effective way to
rating surface. They come down to increasing the heat | achieve this is to use rough surfaces [5]. The heat transfer
flow while maintaining the equality of the products of | efficiency is increased because of the shape and dimen-
the heat transfer coefficient to the area of'its surface. The | sions of the roughness, its spacing, as well as the ratio of
methods for achieving compactness are based on the | the areas of rough and smooth surfaces. Simultaneous
reduction of weight and dimensions; they boil down to | consideration of these parameters in heat transfer using
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a rough surface is complicated by a lack of knowledge
about the determining effect of each of these factors, as
well as their mutual influence. This is the basic disad-
vantage of such estimation of the effect of roughness in-
dicators on the intensity of heat transfer, and its solution
will be a partial solution to the scientific problem posed
above.

Latest research and publications analysis. To date,
a number of works have covered the study of hydrody-
namics and heat transfer on rough surfaces [5—8]. For
the most part, these processes have been studied with re-
gard to flat and cylindrical surfaces. As a result, criterial
equations were obtained for determining the hydraulic
resistance and heat transfer coefficients, and the com-
prehensive accounting of the quantities for the intensity
of heat transfer processes is carried out according to the
Reynolds analogy factor.

Publication [5] presents a detailed analysis of the ef-
ficiency of discretely rough channels obtained with the
help of knurls, grooves or protrusions. It is shown that
two fundamentally different approaches are used for the
calculation of such channels.

The first approach is based on the following assump-
tions. The flow near the wall with discrete transverse
protrusions varies significantly under the influence of the
protrusions in comparison with the flow on a smooth sur-
face. The dimensions of a protrusion are characterized
by the height h. The rough surface can be replaced by a
conventional effective flat surface (serving as the origin
for the transverse coordinate y). The effect of protrusions
on the flow is not regarded as local but rather as aver-
aged along the flow. Under the influence of roughness,
the velocity profile near the wall changes. However, it
follows from the experiments that the logarithmic veloc-
ity profile and the Prandtl’s formula for turbulent fric-
tion remain valid for the rough wall. The distribution of
the mixing path magnitude across the boundary layer is
the same both on the rough and smooth walls; the value
of the constant y in the velocity profile also remains the
same.

For the heat transfer intensification using rough-
ness, of practical interest is the state (mode) of its full
manifestation, when the dynamic Reynolds number is

hw,/v > 70. In this expression: W, = W\/g is the dy-

namic velocity, which is a measure of turbulent pulsa-
tions, W is the average velocity of the heat carrier in the

channel, with the resistance of & :% and the parameter

k= 1 In %-ﬁ- 4.75 , while x = 0.4 is the universal constant

X
of the semi-empirical turbulence theory, and R is the
channel radius.

In this mode, the protrusions come out of the sub-
layer completely, and the main component of the profile
resistance at their flowing around is the form resistance
(&=1(h/R) and & # f(Re)).

Taking into account the above assumptions, the ve-
locity profile shall be described with a logarithmic de-
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pendence both on a smooth wall and in the boundary
layer on a rough surface. On the basis of experiments
in the steady-state turbulent flow mode, the dependence
takes the following form [5]:

W=2.5InR[1—rj+8.5:
hi R

=2.5InE+4.75+2.5(1—;]+3.75, (1)

and the relative velocity distribution along the channel
radius is represented as follows [5, 12]

g

2.5In %+ 475 2.5In % +4.75

3.75

—1+ 2

==

=

To calculate heat transfer in tubes with a sandy
roughness under the full manifestation of roughness, the
following relations are obtained based on the heat and
momentum transfer analogy [5]:

o) (s of Wih
Gln*pr)= 2 +B( : ) 3)
St= £/8
(G-B)/&/8+1"
where
Wh) 505,22 o0 R 4
B( y )_3.75+ I 2.5In o “)

also, St = Nu/Re'Pr is the Stanton number, Pr is the
Prandtl number, G(h*; Pr) is the heat transfer function
for a rough wall, which depends on the roughness height
and geometry, as well as the Prandtl number; h* = hw,/v.
For different roughness, the right-hand side of the latter
formula takes on different values.

The considerable labor intensity of experimental
studies intended for establishing the B and G functions
with respect to a specific roughness geometry limits the
use of dependences (3) and (4) for calculation of heat
transfer and friction in tubular channels with rough walls.

The common disadvantage of publications employ-
ing an averaged approach to the description of the hydro-
dynamic flow pattern near a wall with discrete projec-
tions is that the notion of an averaged parallel flow near
the wall does not reflect the actual flow pattern; more-
over, the difference between the turbulent and viscous
layers becomes blurred. The flowing around of a single
protrusion and the flow between two adjacent protru-
sions are not considered; the actual detailed flow pattern
near the wall is replaced win an averaged conditional
one [5].

The second, more detailed approach to modeling the
flow near a rough wall suggests the need to consider a de-
tailed pattern of the flowing around of a single roughness
element and the subsequent process of flow development
on the way to the next element.
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The basic model of turbulent flow in a discretely
rough channel is the system of differential equations de-
scribing convective heat transfer.

The complexity of analytical solution of the differen-
tial equations for the turbulent boundary layer has neces-
sitated the development of integral methods that simplify
calculation of the boundary layer.

Using the assumptions related to the nature of distri-
bution of the temperature head and velocity of the exter-
nal flow along the wall, one of the options of the solution
has been virtually reduced to the similarity equation for
local heat transfer on a flat wall [5]

Nu, =c-Re’-(w/w, )",

where w and w_ are the velocities of the potential and
incoming flows, respectively; Re = w'X/v is the local
Reynolds number; Nu, = o X/A; ¢ = 0.0255 for a tur-
bulent boundary layer; n = 0.8; X is the distance from
the beginning of the formation of a turbulent layer. By
expanding the application of the model of flow on a plate
behind the protrusion to the case of flow in a tube with
transverse protrusions, the following formula for the av-
erage turbulent heat transfer in a tube has been obtained:

N%lusm =(111), (5)

where | is length of identical smooth and rough tubes,
and t is the protrusion spacing.

It is noteworthy that the obvious drawback of depen-
dence (5) is the absence of the dependence of heat trans-
fer on the height of protrusions in the tube.

Paper [6] proposes the following analytical solution
for the heat transfer of rough surfaces:

0.7-Re.

Nu =
RY™ 125 1 F
1.87-(@} +/)’1_i 1_i+ F
RU R
1
,  (6)
0.7~Re*(1—5'j5'
R )R
In| 1+

5~l—25.2[1—5r P

+12,6 F
FI’
Rj F.
where R is the channel radius, mm; §_is the height of
the roughness element, mm; f is the volume fraction of
depressions in the laminar sublayer; F_ /F, is the ratio of
the smooth and rough surface areas.

For tubular recuperative heat exchangers, reduction
of the heat resistance within the channel substantially de-
pends on the rough surface.

The heat transfer patterns in such heat exchangers are
defined by thermophysical properties of the heat carrier
and the nature of its motion, as well as geometric param-
eters, shape and size of the surface roughness within the
channels. The existing theoretical solutions to the prob-
lem of heat transfer in rough tubes have been obtained
at additional assumptions that do not take into account
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the influence of velocity distribution in the turbulent core
of the flow on temperature drop and the dependence of
thickness of the viscous sublayer on the flow mode.

The findings under consideration were obtained dur-
ing the experimental studies of heat transfer in tubes
with artificial roughness in the form of knurls, holes, and
protrusions [4—8]. Application of these findings is lim-
ited by the presence of the parameters of the geometric
arrangement of roughness in the above-mentioned de-
pendences, for example, F_ /F (dependence (6)) or s/d,
where s is the roughening element spacing, and d is the
tube diameter [8]. A change in these parameters is dif-
ficult to identify during the operation of a heat exchange
surface.

It is recommended to implement an integrated ap-
proach to the analysis of the efficiency of the heat trans-
fer process using the Reynolds analogy factor [9, 10, 11]:

Nu
Nu,,

V )
fo

It characterizes the ratio of heat transfer intensifica-
tion to the increase in pressure losses. The Nusselt num-
ber Nu, and the hydraulic resistance coefficient f for a
smooth-walled channel are taken as the basic values for
equation (7).

In accordance with the recommendations of publica-

tion [12], the values of the base quantities can be set as
follows:

FAR = (7

Nu, = 0.023Re*Pr*+,
f, = 0.079Re 0%,

Following the recommendations of [8], the resis-
tance coefficient for a rough channel shall be calculated
as follows:

-8

f ,
k2

(3
where

K =25h 4475,
5

r

)

R is the internal radius of the channel, and or is the rough-
ness height.

Thus, the analysis has shown that the intensification
of heat transfer on rough surfaces is based on a compre-
hensive analysis of the effect of geometric parameters of
roughness and thermophysical properties of heat carri-
ers on the heat transfer efficiency. At the same time, the
findings are limited to the heat carriers under study and
relative roughness height values (3 /R). For a more accu-
rate analysis and generalization of the results of studies
on the heat transfer in heat exchangers with rough chan-
nels, it is necessary to employ the Lion equation in or-
der to obtain a mathematical expression for determining
the heat transfer coefficient of rough surfaces. It would
take into account the influence of velocity distribution on
temperature drop in the turbulent core of the flow, as well
as the dependence of thickness of the viscous sublayer on
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the flow mode. At the same time, it is feasible to use the
roughness height as the key factor, the roughness being
practically distributed in the form of knurls, holes, and
protrusions.

THE ARTICLE AIM is to obtain a generalized de-
pendence of the influence of roughness height on heat
transfer intensity taking into account hydrodynamic re-
sistance. This comes down to solving the following prob-
lems:

1) determine the dependence of the effect of the
roughness dimensions on the heat transfer coefficient of
tubular channels;

2) substantiate the reliability of the obtained solution
through comparison with the findings of other authors;

3) establish the special features of the influence of
the roughness dimensions on the integrated efficiency of
heat transfer.

Basic material.

Mathematical formulation of the problem. The
computational diagram of heat transfer in a tube with
rough walls is shown in Fig. 1.

According to the provisions of the hydrodynamic
theory of heat transfer [12] for the turbulent mode of the
heat carrier flow, the problem under consideration can
be reduced to the energy equation for an axisymmetric
stationary flow:

2

ts _ﬂ =

)

-2

4qs: (Rfé‘) f
!

A

Y /
X
f -
/ %
/ <3
\\ ) 1
AN — 7
// N " f-ol 1
//////////
r

Fig. 1. Rough surface element and computational diagram of
the problem
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In this expression, w_is the axial component of the
heat carrier velocity in the boundary layer, q_ is the heat
flow density at the surface, R is the internal radius of the
channel, x and r are the current axial and radial coordi-
nates, while 6_and 5, are the dimensions of the roughness
and thickness of the viscous sublayer, respectively.

Solution of the problem. In formula (10), the multi-

A
plier (l+;] is the ratio of the turbulent heat transfer

coefficient to the heat conductivity coefficient. It is ex-
pressed through the values of the turbulent Prandtl num-
ber and the turbulent dynamic viscosity as follows:

A -C.-& £
TP R Bl i B L P02
& U
_lepprt o PR (11)
H I U

T G . .
The multiplier — is a function of the relative chan-

T
nel radius [;J and can be estimated as follows [12]:

1 0.8 0.5 0.2 0.1

1.02 1.1 1.2 1.4

r
R
|
— L5
Pry

The turbulent viscosity parameter Has part of

equation (11) can be represented as follows:

s W p -
H a4 w. lln(R_r]JrB
dr 4 )
B W p W ZRz[l_r]_
et o (e
7 R-r o o
Re.,

(12)

Considering the effect of velocity distribution on
temperature drop in the turbulent core of the flow and the
dependence of the viscous sublayer thickness on the flow
mode, the results of solving equation (10) with account for
expressions (1), (2), (11), and (12) are reduced to a dimen-
sionless form in order to obtain the criterial dependence
for the calculation of heat transfer coefficients inside tubu-
lar channels with rough walls. It is provided below:

_a-2R_q-2R _
At-2
0.2Re.,

Nu,,

(13)

R

where PAR1 and PAR2 are the complex parameters that
depend on the geometric dimensions of the roughness
and are estimated in the process of solving the problem
as follows:

: 2(1 - 5){PAR1}+ % In[PAR2] |
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5 1 5, > 5
PARI=-A;In———A In=In“|1-—| +
A R 4A6 R [ R}

Y Sltretn-ta)

I 5 1 5\’
+5A6nZ:1 n2 SAé[l_R] +18A6(1—R) +
+% }+In2(1—2j{—l%(l—2j+
NI =
SA6 R 12A6 R R A
S AR SN
2 R 2 R 3

1 &1 8)"
‘zASnZ_lnz[l‘(R] ]
1 ® 1 5 n+2
+5A5n§n(n+2) _(Rj }_
1 o | i N n+3
_EASn:In(n+3)_ _(Rj }r
8 n
1 ”(1_R) 1, &1 5 3
+5A6nz=1 3 _2A6nz:1n3+(l_R) RA6+
5Y 1

The input geometric parameters are estimated as fol-

lows: )

A-{02ss 22|
2.5In §+4.75

r

A =2 0254318

2.5In—+4.75
1)

r

X 0.25+—3'125 :

2.5In—+4.75

r

2.5

2.5In R +4.75
1)

r
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PAR2 = R —
0. +2R——
1_ Re.,
R

where C = 70 for a flow with the full manifestation of
roughness [12].

Analysis of the solution and substantiation of the
conditions for its application. For the sake of analysis,
the roughness of tubular channels is divided into two
groups, irregular (or technical) and regular. The former
of roughness is caused by the peculiarities of manufac-
ture and operation of tubular channels, while the latter
is discrete roughness applied to the tubes in the form of
holes, knurls, etc.

Fig. 2 compares the solution obtained for the first
type of roughness. Calculations were made for the
roughness element height of 6. = 0.5 mm and the tube
diameter d = 22 mm.

Analysis of the comparison results shows that the
Nusselt numbers calculated according to expression (13)
agree satisfactorily with the results of [6, 8] in the indi-
cated range of the Reynolds numbers at the 5 /R values
from 0.045 to 0.091. With the roughness element spacing
up to 10 mm, the difference in the results does not exceed
10%.

Fig. 3 compares the results of the solution obtained
with the results of publication [13]. The discrepancy be-
tween the experimental data and the data obtained with
the analytical dependence does not exceed 14 % with
8/R =0.67...0.9. Thereat, the maximum discrepancy is
observed in a relatively “narrow” channel (H/d = 1.11)
with the Re values over 35000.

A similar discrepancy between the theoretical solu-
tion and the published data is also observed for the tubes
with regular roughness in the form of ring rolls, which is
demonstrated in Fig. 4.

Fig. 5 provides the dependence of the FAR indicator
on the Re number that is obtained at the relative rough-
ness heights 6 /R ranging from 0.09 to 0.27.

The results indicate a relatively high efficiency of
heat transfer growth, FAR > 0.5. Moreover, each curve
corresponding to a particular roughness height features
a local maximum. This is explained by the fact that a
further increase in the flow velocity increases its turbu-
lence and makes the laminar sublayer thinner. Besides,
the roughness element protrudes into the turbulent core,
which creates additional resistance and reduces the ef-
ficiency of heat transfer.

The obtained results allow substantiating the flow
mode inside tubes in order to achieve the maximum ef-
ficiency of heat transfer. Thus, in the case under con-
sideration, such a heat transfer efficiency is achieved
at Re 6500 (with the roughness element height
8, = 0.001 m). If 3r increases, the maximum efficiency is
observed at Re =~ 6000.

Fig. 6 compares the calculated values of the Reyn-
olds analogy factor (7) with the reference data for
other methods of heat transfer intensification [11]. The
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Fig. 2. Comparison of the obtained solution to the reference
data for irregular roughness: / — calculation by dependence
(13); 2 — calculation for dependence (6) [6]; 3 — results given
in [8] with a roughness spacing S = 5 mm; 4 — results given in
[8] with S =10 mm, 5 — results given in [8] with S =20 mm
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Fig. 3. Comparison of the obtained solution with the reference
data for regular roughness in the form of a hole (H stands for
the channel height, d is the hole diameter): /, 2 — calcula-
tion by dependence (13) for H/d = 1.11 and 1.49, respectively;
m, A — results given in [13] for H/d = 1.11 and 1.49, respec-
tively
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Fig. 4. Comparison of the obtained solution with the reference data for regular roughness in the form of a knurl (d stands for the
internal diameter of the knurl, D is the internal diameter of the tube): 7, 3 — calculation by dependence (13) for d/D = 0.9 and 0.95
(8,/R=0.1 and 0.05), respectively; 2, 4 — results given in [14] for d/D = 0.9 and 0.95, respectively

1.")!R

0.95 /

0.9 -
0.85 -

0.8 m”‘é =0.001
85 =0.0015

075
0.7
065
0.6 |

—— 5

—*=5=0.002
—5=0.0025
=0.003

0.55 -

0.5

Re

3000 5000 7000 9000 11000 13000 15000 17000 19000

Fig. 5. Dependence of the Reynolds analogy factor FAR on the Reynolds number for various roughness heights 5, m (3 /R = 0.09

to 0.27).
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Fig. 6. Comparison of the obtained values of the Reynolds analogy factor with the data for different methods of heat exchange
intensification: / — annular transverse protrusions in the tube; 2 — spiral projections in the tube; 3 — oblique, continuous pro-
trusions in a square channel; 4 — beveled, split protrusions in a square channel; 5 — spherical protrusions, rectangular channel,
6 — spherical protrusions and depressions, tube; 7 — small spherical protrusions, tube; 8§ — spherical protrusions, rectangular
channel; 9 — internal grooves; /0 — spherical projections on a flat surface; /7 — 60° continuous and split ribs; /2 — 90° split
ribs; /3 — alternating spherical protrusions and depressions; /4 — internal spiral grooves; /5 — “close” contact of protrusions
with the opposite wall; 76, 17 — wire spiral inserts in a circular channel; /8 — delta-shaped vortex generators (located towards
the flow); 19 — continuous V-shaped ribs (60°); 20 — continuous ribs perpendicular to the flow (90°); 2/ — delta-shaped vortex
generators (directed along the flow); 22 — V-shaped split ribs (60°); 23 — 60° split ribs; 24 — 90° split ribs; 25 — continuous
ribs at 60° to the flow; 26 — surface with spherical depressions at low Reynolds numbers; 27 — ribbed surface at large Reynolds
numbers, m — results of this study

analysis points at their comparatively high efficiency | range of the relative roughness height § /R from 0.045
(0.5 < FAR < 0.97) at a moderate increase in hydraulic | to 0.091. For regular roughness, it does not exceed 14 %

resistance (f/f; < 5.5). According to the physical flow pat- | with the relative roughness height 3 /R ranging from 0.67
tern, the obtained results are similar to spherical protru- | to 0.9.

sions in a rectangular and circular channel, which con- 3. As established by the calculation results, increase
firms the reliability of the results. in the flow velocity entails a local maximum of the ef-
CONCLUSIONS. ficiency of the FAR number, which is caused by thinning

1. A generalized theoretical solution is obtained for | Of the Iaminar sublayer and protrusion of the roughness
the problem of heat transfer intensification in rough- | €lementinto the turbulent core.

walled tubular channels of power plant elements. The 4. The obtained results allow determining the rela-
ratio of the roughness height to the channel radius (5/R) | tive roughness height in order to enhance the heat trans-
is assumed the key parameter in this solution. fer intensification.

2. As proved by the comparison of the solution with 5. Further research will be focused on the develop-

the reference data, the discrepancy in the obtained re- | ment of appropriate rough-walled tubular channels for
sults does not exceed 10 % for technical roughness in the | the power plant elements.
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