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Abstract: The present work is an attempt to analyze the influence ofithledeformation on the thermo-hydrodynamic lubrication of
infinitely long tilted pad slider rough bearings. As a consace of heating the slider is deformed and is assumed tatpkeabolic
shape. Also the asperities expand leading to smaller eféefitm thickness. Two different types of surface roughnassconsidered:
longitudinal roughness and transverse roughness. Omsités stochastic approach is used to derive the Reynghgsdquations.
Density and viscosity are considered to be temperaturendiepe. The modified Reynolds equation, momentum equataortjraiity
equation and energy equation are decoupled and solved fisitegdifference method to yield various bearing charastiess. From
the numerical simulations it is observed that the perforrranf the bearing is significantly affected by the thermabdw®ftion of the
slider and asperities and even the parallel sliders seewmrtp some load.

Keywords: Longitudinal roughness, transverse roughness, thernfiairdation, load capacity.

1 Introduction

Several research works have been done to investigate tmmaheffects and surface roughness effects on the
performance of tilted pad slider bearings. Several rebeascsuch ag|, Osterle et al] , Lewicki [3], Cameronf],
Youngp], Lebeck f], etc. have experimentally investigated the thermal imfageon the load carrying capacity of
parallel slider bearings. The results of all these resesscbhow the existence of a lifting force (load capacity)neve
when parallel bearings are in operation. However, the peecauses which are responsible for this phenomenon are not
precisely understood. Zienkiewi@[considered the slider and pad at different temperaturéshowed that for parallel
slider bearing if the pad temperature is greater than tlderstemperature then a suctional effect, which may lead to a
drastic fall in load carrying capacity, is possible. Roda¥iez and Sinha] provided an orderly analysis which elaborates
on the mechanisms that may be responsible for the fluid gestkli&ting force. It is indicated that the consideration of
the fore region pressure together with the density vanatitay lead to a useful load support with a reduced friction,
even for parallel sliding bearing.

Thermohydrodynamic lubrication problems of slider begsihave been analyzed numerically by many researchers such
as Ezzat and Rhod@][ Pinkus[L(], Kumar et alfl1]. A detailed review can be found in a paper by Khond&ffif Tzeng

and Saibell3] have introduced stochastic concepts to analyze a two diioeal inclined slider bearing with one
dimensional roughness in the direction transverse to théngl direction. Using the same approach Christensen and
Tonderfl4 and Christensedp] analyzed two types of one dimensional roughness: longialdroughness and
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transverse roughness models of hydrodynamic lubricatfotited pad slider bearings. They developed a modified
Reynolds equation applicable to each of these models arditasenalyze the behavior of a fixed pad slider bearing.
Christensen et alfg] derived a general form of Reynolds equation using the sgpeoach.

In recent years researchers have focused attention on dhgdrodynamic analysis of rough surfaces. A theoretical
study of a submerged oil journal bearing was made by Ramesl{1&{ considering surface roughness and thermal
effects. Chang and Farnurhd] developed a thermal model that can be used to analyze th&drda elastohydrodynamic
lubrication of rough surfaces. Huynh and Laf] studied the effects of location and shape of a localizedugation on
the performance of a fixed inclined slider bearing. Ozap antut[R0] proposed an optimum surface profile design
performance by implementing a wavy form of roughness on #tk Binha and Getache2d] numerically analyzed the
combined effect of thermal and surface roughness on thenmeaice of an infinitely long slider bearing using stoclrasti
approach. In their study two types of roughness: longitaldioughness and transverse roughness were considered. The
analysis indicated that for parallel sliders some load ciypanay be generated due to the combined effect for bothstype
of roughness. Recently Getachew and Si@lpjgave THD analysis for finite slider bearing with roughneasd
Getachew and SinhaB numerically studied thermal and roughness effects by idensg conduction through the pad
and the slider.

All of the works that has appeared in literature do not seerotdorm to the experimental results obtained for parallel
sliders. It seems natural that as a consequence of hedterg,would be a thermal expansion in asperities and prolaably
deformation of the slider surface. Thus in this paper theatfof thermal deformation of the slider and asperities on
different characteristics of an infinitely tilted pad rougjider bearing is analyzed using stochastic approach.

Nomenclature

B bearing width

¢ specific heat of lubricant

Ec Eckert number

E expected value operator

F frictional drag force

h nominal film thickness

h; nominal film thickness at the leading edge
h, nominal film thickness at the trailing edge
H the height of the film for rough surface

ko thermal conductivity of the lubricant

m ho/hi

P film pressure

P. Peclet number

pi inlet pressure

P Prandtl number

T lubricant temperature

Tu, Ts temperatures of plates

T; inlet temperature

u,v fluid velocitiesU velocity of the moving surface
X,y coordinate system

X,y transformed coordinate system

W load carrying capacity of the bearing

a thermal expansion coefficient
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B temperature coefficient in viscosity formula

o0 random distributions of roughness

€ random variable

A temperature coefficient in density formula

U viscosity of the lubricant

p density of the lubricant

0? variance of roughness

Super script * depicts a corresponding non dimensional tifyaand bar above a variable depicts the corresponding
expected value. The suffix in ‘a’ variable indicates the ambialue and the suffix ‘avg’ indicates the average value
across the film of the corresponding quantity.

2 Governing equations

The geometry and the coordinate system for the infinitelg lelider bearing analyzed in this paper is shown in Fig.1. The
width of the bearing is assumed to be very large as compartbe tistance between the pad and the slider surfaces.

Fig. 1: Schematic diagram of a rough slider bearing after defonati

The basic lubrication assumptions as mentioned by Reyrotlas follows:

(a) The height of the fluid film is very small compared to therspad length of the bearing.
(b) Pressure is invariant across the fluid film.

(c) Inertia forces are negligible.

(d) Velocity gradients in all but the y direction are nedfilg.

(e) The flow is laminar, no vortex and no turbulence occur dren in the film.

(f) No external force act on the film.

(9) No slip at the bearing surfaces.

In view of the above usual assumptions of the lubricatiootheNavier -Stokes equations reduced to:

Jd, Jdu. dp

d_y(ud_y) dx 1)
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and

7} 7}
a5 PY + a—y(PV) =0 2
Integrating equations (1) and (2) with the boundary condi&u = U,v = 0 at the slider andi = v = 0 at the pad and
substitutingo by payg andu by pLiavg leads to the generalized Reynolds type equation:

0 (pagH3dp\ 9
dx( Blavy dX 7de(pang) (3)

whereH is the geometry of the fluid film. The usual lubrication asstions along with the following assumptions:

(e) Conduction terms other than those across the fluid film agégikle
(e) Thermal conductivity and specific heat are constant leadsteady state energy equation:

oT  oT 9°T ou\?
oo (85 %) e 1 (5y) @

Viscosity and density are related to temperature via thevidhg relationships:

P =pPa(l—=A(T—Ta)), 4 = LatXp(—B(T —Ta)) )

Pavg = Pa(1.0— A (Tayg — Ta)), Havg = Ha€XP(—B(Tavg — Ta)) (6)

In the stochastic theory of an isothermal hydrodynamidta#tion of rough surface bearings developed by Christeasdn
TonderfL4] and Christensedp], a Reynolds-type equation in the mean pressure as apf@itabough surface bearings

is formulated by considering the film thickness as ergodatiary) stochastic process.

In such studies the geometry of the lubricant film is gengrahsidered to be made up of two parts; the nominal (smooth)
part which measures the large scale part of the film geommthyding any long wave length disturbances, and a randomly
varying quantity with zero mean ( arises due to the surfaoghiness measured from the nominal level). However, due
to thermal deformation, the film thickness shall be modifieds assumed that the deformation leads to a profile of the
slider which may be parabolic. Thus the equation of the slefile may have the following form:

hs = K — 35 (x— 0.5B)? for some dimensional constakt

Hence, the lubricant film height is of the form:

H(x,z &) =hg+ (1+a)d,

wherehy = h—hg, h is normal film height before thermal deformatiais thermal expansion andl random roughness
variable.

The stochastic theory developed by Christensen and Tabllarid Christenserdy] was based on the following additional
assumptions:

(1) The magnitude of the pressure ripples associated wilstinfface roughness is small compared with the general
pressure level in the bearing, and consequently, the \@iahthe pressure gradient in the roughness direction is
negligible.

(2) In the direction perpendicular to the roughness dioectihe variance of unit flow is negligible. Sinha and
Getachew21] imposed the following additional assumption to approxienae momentum, continuity and energy
equations.

(3) The magnitudes of temperature and velocities assaciatgoughness are small compared to the corresponding
general magnitudes in the bearing. Consequently, thena@gofp, u, temperature gradient in the direction of
roughness, temperature gradi%tand velocity gradieng—;’, are negligible.
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The theory is applied for two types of one dimensional rowggsnpattern: longitudinal roughness and transverse
roughness. By taking the expected values of both sides ai&eéy equation (3), Sinha and Getach2¥fobtained:

9 Pang3% _ul
ox [E ( Blavg dX /| U 5xE(PagH) O

whereE (s) is the expectancy operator definedbgs) = [, sf(s)ds and f(s) is the probability density distribution for
the stochastic variable s. Following an approximation psscsimilar to those mentioned by Christensen and Tobdler[
Christensel5], and Sinha and Getache®d] , the corresponding governing equations are obtained. mMbdified
Reynolds type equations for longitudinal roughness:

7} 1 5.dp 0
y <pavg uang(H ) dQ 6u (PavgE(H)) (8)
The modified Reynolds type equations for transverse rougghne
0 1 1 dp d ([~ EH?
% <PavglJ E(H- 3) dQ 6U % (PavgiE(Hg,) 9)
According to Christensen and et B and using properties of variance:
-2 242 .
E(H3) = h3+3hg(1+ a)?0?,E(H) = hy, 51— = h§ — 6hg(1+ a)?0? and EEE%; = hy (1 %) wherea? is

the variance of the roughness distribution withhy << 1. Hence the modified Reynolds equations (8) and (9) can be
rewritten respectively as:

9 dp 9
5 (Pavglj (h + 3hg(1+ a)20?) ds) 6U = (Pavgha) (10)
0 ( 252,4P 2 3(1+a)?0?
Pavg—— ("3 — 6hg(1+ a)?0?) = =6U— Pavghd (1 — ——5—) (11)
x avgu dx ag h2

Momentum, continuity and energy equations for both kindsotlels can be approximated respectively as:

0 _ou.  dp
g(ﬂa—y)*& 12)
o . 4 _
a—X(PU)Jrg(PV):O (13)
C uj—T_Jrva—T_ —kﬁJﬁ ouy® (14)
Pe\"ax TVay ) ~ a2 TH Gy

The following non-dimensional variables are used:

P.= Pak‘gg“ PrEc= %" g — BT, A* =ATa, 0" =aT"

B = g = 2 P = B2, 9= B0t = .8 = LK =K/
Non- dlmenS|onaI|zat|on of the smooth part of the sl|derf||lmy|elds
hi = K* — 4K*(x* — 0.5)?
Since the parabolic shape of the slider is due to thermalraeftion of the slider and the load applied, it is logical to
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assume that the arc length of the curvature equals to thénhwidthe bearing due to thermal expansion. Using this
assumption and the integral arc length formula the non-dgio@al equation of the slider profile is approximated to be

hi = v/0.5a*(—1+4(x* — 0.5)?).

The non-dimensional forms of the governing equations (4prdspectively are as follows:

9 |Paglhg+3h5(1+a’)?a?)dp | a0, . .
dX* [ GIJ;VQ dX* - dX* (pavghd) (15)

0 [ Pag(hd—6hy(1+a*)?0*?) dp* i[p* (h*3(1+a*)20*2)} 16)
ax* 61Livg S A h;
7] Lou\ dp
o (M o)~ 0
0 %, ok a * gk
ax*(PU)er(PV):O (18)
L[ .oT*  oT* 102T* RE. , [du\?
P (“ ox 0y*>_5edw2+ R (w*) (19)

Fluid boundary conditions:

The boundary conditions for pressure and velocities are:

p*=0atx* =0,p* =0atx* =1,u* =1, v* =0 at the slidery* = u* = 0 at the pad.

The boundary conditions associated with the energy equatie

T*=T atx* =0,T* =Tson the slider and* = T, on the pad, wher& andT,are plate temperatureg,inlet temperature.
The following three conditions are considered.

aT=Ts=T,

a.Ty,=T andTs= T;\,g

aTu=Ts=Tiy,

Condition (a) implies the plate temperatures are constamiglitions (b) and (c) imply that one or both plate tempeesgu
are variable and shall be equal to the average fluid temperatu

3 Formulation of the problem

To simplify the numerical computation, the irregular domaf the fluid is transformed to regular geometric domain.
Assuming the roughness on the pad and the roughness on ther torbe identical random distributiofd = &), the
following linear transformations are used similar to thos&inha and Getachew [21] and Getachew and Sinha[22,23]:

Y =yhs+hs+(1+a%)d;,0<y <1
X* — Xl
These transformations will map the lower boundary of thedflui toy’ = 0 and the upper boundary of the fluid on to

y =1

Using these transformations the governing equations caevinéten as follows:

0 (Pagh+3ny(1+a’)20?)dp\ o ., .
ox! < 6“;\/9 dx - IxX* (pavghd) (20)
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9 | Pan(he®—6hg(A+a")?c?)dp*| 9 [, (. B3@1+a*)?c*?
W 6L dx’ = 3y pan hd - * (21)
Havg X ox h;
1 0 Lou\ dp
oy (o) = ar 22
W(p u >h_(’;< ™ +8v0.5a (x’O.S)) dy’(p u thdy(p v)=0 (23)

L 0T 1 (ydhy _ aT* L,10T*] 1 0%T*  RE; , [du)?
p [u (dx’ _h_Z( ™ +8v0.5a (x’—O.S)) 2y ) +v h_EW] = hieRs oy +hf§2Peu oy (24)

The corresponding non dimensional density and viscosiiomships in the new coordinate system are:

p* =1.0-A*(T* - 1.0), u* = exp(—B*(T* — 1.0)) (25)

p;vg =10-2 *(T;vg - 1-0)7 N;vg = exp(—[i*( ;vg - 1-0)) (26)

whereTg, = J3T*dy
The non dimensional load carrying capadity and the friction forcd=* are determined from the following expressions

respectively.
W /O p*dx 27)

_ Fh l( . ou*
~ B o H oy

*

)y —odX (28)

4 Treatment of the solution

The system of equations was discretized and solved sinadtasty using finite difference technique. Backward dififee

is used for the derivative%‘;,i in the continuity equation an% in the energy equation. For all other derivatives central
difference is used except at the boundaries. Appropriagesated difference is used at the boundaries. A direct iterat
approach was used to obtain the distributions of all fieldatdes. At every iteration level, the governing equatiores a

=99
I—) <Toal,{

J
17"

are the field variables. The iteration is carried out Tof = 10°, Tol = 1076 Tol = 10~/ and thereJ is no significant

difference in the values.

Algorithm In the computational work, two stages of computations aeglus the first stage all the field variables and

average temperature across the film are approximated asing0 and prescribed constant slider temperafyi@efore

thermal deformation is taking place). In the second stagedfuations are solved using non-zefand slider temperature

Ts = Tayg taking the values obtained from stage one as initial datéhowariables.

Step 1. Initialization

solved in a decoupled form. The results have been obtairauaccuracy oTol = 106, wheremax(

(a) Inputdateko,B,A*,B*, 0%, 0, R Ec,Pe,a* =0
(b) Set boundary conditions for, v*, T*, p*
(c) Set fictitious values fau*, v*, T*, p* to the remaining grid points

Step 2. Evaluat@ ™ usingo;o”, tan’, Tag®

Step 3. Evaluate™" usingp*"&V, T*0ld,

(© 2018 BISKA Bilisim Technology
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Step 4. Evaluate*™® usingu"®" and T *°ld

Step 5. Evaluat@ " using p*"&V, ynew, ynew Told

Step 6. Evaluat; 1o, p*iev, |new, priew | new gjng T +new
Step 7. Test for convergence.

Step 8. Repeat steps-27 till convergence is obtained.

Step 9. Set an appropriate non zeroand reset the thermal boundary conditions in termg ahd T,
*new __Told
Step 10. Repeat steps-A till % < Tol

Step 11. Calculate load capaciy* and friction forceF*.

5 Results and discussion

In the present study the values of the following parameterschosen. In the present study the values of the following
parameters are choseéh = 20m/s,h; = 0.00005m,B = 0.1m,c = 1926J/kgK, T, = 310K, py = 897.1kg/m3, g =
0.0174pa.s, 3 = 0.035/K,A = 0.0012/K,k, = 0.132W/(mK), o = 13m/(mK). The simulation has been carried out for
various values o, A*, 3* and o* with fixed values of the parametessP,, P, andE¢. The effect of roughness is felt
only throughhy/30 , wherehg is the minimum film thickness Tonddd]. The roughness effects are not important if
ho >> 30 . However, whenhg ~ 30 (within the hydrodynamic limit i.s, > 30) the influence on the bearing
performance is significant. For comparison purposes, thghess parameter* is fixed at 01 which is 25% and 10%
of the minimum film thickness fom = 0.4 andm = 1.0(parallel sliders) respectively. Alsb* = 0.4 is fixed for the
same. The performance of the bearing is observed for diffe@ues of3*(3* = 1.0,5.0,10.0). The results have been
analyzed, for pressure distribution, load capacity, isitcforce and temperature. The results are presented irothedf
graphs and tables. To ensure the grid independence of thkksrebe numerical simulations are carried out on différen
grid systems consisting of ¥00,20x20,30x30 and 4840 grid points. The load capacities of the bearings obtairsauy
different grids have been compared and presented in Figdin Fhis figure it can be concluded that thex40 grid
system yields a grid independent solution.

0g T T T T T
s A0
08 —=-20:20 1
=== 3030
07F 40x40 y
B ost -
[=]
—
g 05f -
5
B 04fF i
=
£
&5 03f e
02f .
01F -
92 05 06 07 08 09 1

m-Inclination parameter

Fig. 2: Dimensionless load capacity versus inclination paranfetetifferent grids Systems.
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Dimensionless Temperature
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Fig. 3: Dimensionless temperature distribution for transversghoessfi= 0.4, T = 1.0).
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Fig. 4: Dimensionless Pressure Distributions for Transverse Roegs = 0.4, T, = 1.0).

In the results that follow, emphasis has been given to tHeviiaig three cases of thermal boundary conditions:
Case.i Before deformatiod{ =Ts=T)

Case.ii After deformationT, = Ti andTs = T;)

Case.iii After deformationT, = Ts = Ty4)

As a consequence of thermal deformation the following sitia may occur in the bearing:

() The fluid temperature rises (Fig.3) which in turn reducedliid viscosity. Consequently the pressure may decrease
and this may lead to a reduction in the load capacity.

(e) The average thickness may increase (due to the parabaliitiepof the slider). The increased volume inside the
bearing may result in a decrease of flow pressure and hencdécraase of load capacity. The asperities of both
surfaces may be deformed. Because of this the average fithknss may be decreased and hence the load capacity
is likely to be enhanced.

(© 2018 BISKA Bilisim Technology
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m T; Case. i Case. ii Q1% Case.iii Q%
1 W#* 0.810618 0.733274 11 0.550455 47
F* 1.582893 1.378491 15 0.95897 65
04 11 w* 0320297 0.300133 7 0.255736 25
F* 0.625716 0.576013 9 0471121 33
1.2 W* 0.121313 0.115433 5 0.106391 14
F* 0.237074 0.223795 o6 0.203211 17
1 W#* 0.001687 0.001839 8 0.003864 56
F* 0.933435 0.871956 7 0.790967 18
1.0 1.1 W* 0.000265 0.000304 13 0.000706 62
F* 0.361855 0.345691 5 0.331033 9
1.2 W#* 0.000039 0.000041 5 0.000113 65
F* 0.135884 0.130938 4 0.128694 6
Table1

The total sum effect of the above conditions on pressure emghérature distributions are shown in Figures 3 and 4
respectively. From Fig.3 one can easily observe that therzeemperature distributions are higher in Cases.ii drasi
compared to that for Case.i. From Fig.4 the pressure digioibs for Cases.ii and iii are less than that for Case.i. For
non-parallel bearinge{= 0.4) the load capacity decreases by 11% for longitudinal roegh and by 12% for transverse
roughness for Case ii , and by47% for longitudinal and56%remsverse roughness for Case iii as compared to that for
Case i (see Fig.5 and Tables 1, 2). Whereas, for paralleingsgn = 1.0) the load capacity is generated and increases
by 7% for Case.ii and more than 50% for Case.iii as comparéustafor Case. i, for both types of surface roughness(see
Fig.6 and Tables 1, 2). From this, one can conclude that #rethl expansion of the fluid and the bearing asperities may
be one of the most important factors for load capacity geiteran parallel bearings. Fam = 0.4 the friction force
decreases by 15% for Case.ii and by more than 50% for Cafee.iioth types of roughness as compared to that for
Case.i. Unlike the load capacity, the friction force dess=aby 7% and 18% for Cases.ii and Case iii as compared to that
for Case.i, respectively for parallel bearings(see Taftl@3. It is because the viscosity of the fluid decreases due to
temperature rise in the fluid (see Fig.6). From the aboventhEmseen that the thermal deformation effects are less for
Case.ii compared to that for Case.iii. Thus, it is possiblartprove the performance of the bearing by cooling the pad
even when thermal deformation takes place.

In the tables 1 and @; andQ; are defined as follows, = |<a2Call| q, — |Cai-Caeil| Taple 1 Load capacity
and friction force distributions for longitudinal roughs®e* = 10,3* = 0.1) Table 2 Load capacity and friction force
distributions for transverse roughng8s(= 10,0+« = 0.1) Tables 3, 4, shows the load capacity and friction force
distributions for two values of thermal coefficient in visdy formula (B = 1.0,5.0). For both values of3 the load
capacity of parallel bearing is increased for both typesooighness for Cases.ii and Case iii as compared to that for
Case.i. It is also observed that f8r= 1.0 the load capacity of non- parallel bearing is increasedr&msverse roughness
for Cases.ii and iii as compared to that for Case.i thoughlsfF@m the tables one can also observe that the effects of

(© 2018 BISKA Bilisim Technology
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m T Case. i Case. ii 1% Case.dii Q2%
1 W* 1.134857 1.016186 12 0.725157 56
F* 1.658952 1.436445 15 0.898316 84
0.4 W* 0.450209 0.422703 7 0.355503 26
1 F* 0651177 0.595621 9 0.45842 42
w* 0.1709 0.164147 4 0.154614 11
2 F* (0.246735 0.233044 6 0.205212 20
1 W* 0.001793 0.001932 7 0.004128 56
F* 0.933422 087207 7 0.791021 18
L.O 1.1 w* 0.000282 0.00032 11 0.00065 56
F* 0.361851 0.345699 35 0.331182 9
1.2 ®* 0.000041 0.000043 5 0.000125 67
F* 0.135882 0.130937 4 0.128694 6
Table 2
1B
Longitudinal Roughness
0.3 1.4 Casze.l
Far \ Case.l b B ———Caze.ii
'go.s \\ — = Casedl S12 » g, e Case.iii
;3 - I"-I.:-\“ Case.iil g 1 ~
S T E |
0 R, a8 Longiudinal Roughness
0.4 06 0.8 1 04 05 06 07 08 08 1
m-Indination parameter m-Inclination parameter
14 2
12 Transversel Roughness I 18 e
2 1 N ase.l § hE ___ C:z: ::|
E}UE \\ ———gass:ii L e
g a6 \_\ """"" Case.iii
S 04
02
IIjil.d. [ES 06 07 08 09 1 04 0ns 06 o7 o8 09 1

m-Indination parameter

m-Inclination parameter

Fig. 5: Load capacities and friction forces for both types of rouggsiin= 0.4, T; = 1.0).
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thermal deformation witlf8 = 1.0,5.0 are less compared to the effects of thermal deformatidmfvit 10.0.

Table 3 Load capacity and friction force distributions fongitudinal roughnese( = 0.1) Table 4 Load capacity and
friction force distributions for transverse roughngssE 10, 0* = 0.1) For different values of inlet temperatufg the
thermal deformation effects are given in the Tables 1-4nftoese tables one can observe that as the inlet temperature
increases the thermal deformation effect on the performahthe bearing decreases (see Figures 5 and 7).

6 Conclusion

The stochastic approach for hydrodynamic lubrication fargh surface bearings is extended to the study of thermo-
hydrodynamic lubrication of rough surface bearings cossid thermal deformation of the slider and asperities et
roughness models, it is seen that the load carrying capagityriction force are decreased due to thermal deformétion
non-parallel bearings. For parallel bearings the load dapas enhanced and friction force is decreased due to takerm
deformation of the slider and asperities. It is also obsgat for both models, the effects of thermal deformation
for Case.ii are less compared to that for Case.iii. From ¢imis can concluded that cooling the pad can improve the
performance of the bearing. Moreover, the effect of therdeibrmation is more pronounced in the case of low inlet
temperatures.
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m Ti B=1.0 B=5.0
Case. 1 Case.1i  Case.iii Case.1 Case.ii  Case. il
04 1 W* 0.895921 0.859046 0.848792 0.854941 0.796079 0.669989
F* 1.759031 1.671508 1.568962 1.673613 1.520424 1.19623
1.1 w* 0811673 0.77799 0.769007 0.531299 0.500307 0.440742
F* 1.59361 1.515962 1.426974 1.039714 0.963603 0.809722
1.2 w* 0.73527 0.704514 0.697476 0.327266 0.310578 0.283338
F* 1.443588 1.374385 1.297524 0.640268 0.601551 0.601551
1 1 W* 0.001996 0.003253 0.008094 0.001848 0.002558 0.005834
F* 1.007388 0.973182 0.960352 0.972787 0.924767 0.87386
1.1 wW* 0.001694 0.00281 0.007112 0.00073 0.001037 0.002487
F* 091221 0.881463 0.870304 0.599958 0.574525 0.552989
1.2 W* 0.001438 0.002403 0.006277 0.000284 0.000404 0.001034
F* 0.825975 0.798395 0.788673 0.367716 0.353948 0.353948

Table 3

m Ti B=1.0 B=5.0
Case. 1 Case.ii  Case.iii Case.] Case.ii  Case. |iii
1 Ww* 1.260287 1.208933 1.227395 1.199058 1.109232 0.910307
F* 1.830374 1.7388 1.601719 1.742508 1.56958  1.152221
04 11 w* 1.142047 1.098967 1.12572 0.746741 0.704758 0.617562
F* 1.658417 1.578131 1.459962 1.08171 0.997413 0.795686
1.2 W* 1.034769 0.998841 1.029391 0.46063 0.440036 0.407334
F* 1502429 1.431701 1.32994 0.66623 0.625933 0.531966
1 w* 0.002121 0.003494 0.009203 0.001963 0.002735 0.006459
F* 1.007379 0973145 0.960216 0.972774 0.92479 0.873787
1 1.1 w* 0.0018 0.003035 0.008314 0.000776 0.000997 0.002823
F* 0912203 0.881437 0.870164 0.599951 0.997413 0.552971
1.2 w* 0.001527 0.002628 0.007449 0.000302 0.000424 0.00119
F* 0.825967 0.798365 0.788534 0.367712 0.353947 0.34504

Table 4

(© 2018 BISKA Bilisim Technology
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Fig. 7: Load Capacity for both types of roughness with differerginémperatures{ = 1.1andT, = 1.2).
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