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Flow Considerations in Pipe

» Must distinguish between entrance and fully developed regions.

Inviscid flow region Boundary layer region
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— Velocity boundary layer develops on surface of tube and thickens with increasing x.

— Inviscid region of uniform velocity shrinks as boundary layer grows.

— Subsequent to boundary layer merger at the centerline, the velocity profile becomes

parabolic and invariant with x.

C—> The flow is then said to be hydrodynamically fully developed.
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Flow Considerations in Pipe

» The velocity profile in the fully developed region is

I ulr)

u(r) Y (L) B i )
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» The Reynolds number for flow in a circular tube is defined as

piinD _ 4D
1 v

Rep,

where 2, 15 the mean flud velocity over the tube cross section and D 1s the tube diameter.

» For steady, incompressible flow in a tube of uniform cross-sectional area m and i, are

constants and independent of x )

Ra,, = _4m_
D aD M m= pu, A,
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Flow Considerations in Pipe

» The Reynolds numbers for the different flow type are

Re < 2300 laminar flow
2300 = Re = 10,000 transitional Now
Re = 10,000 turbulent Now

» For flow through noncircular tubes, the Reynolds number as well as the Nusselt
number and the friction factor are based on the hydraulic diameter D, defined as

| _
Dy ="
. - Rectangular duct:  ||@
Circular tube: i Square duct: “ g b
l\ 42 _
. _ s dab 2ab
AmDY4 Dy=7=a ) ==
D,= = ' =p da _— D, a+b)~ a+b
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Flow Considerations in Pipe

For laminar flow (Rep = 2300), the hydrodynamic entry length may be obtained from
an expression of the form [1]

X %
(ﬂ) ~0.05 Rej,
. D /lam

» The entry length in turbulent flow, is approximately independent of Reynolds
number and that, as a first approximation

o)
10 = (ﬂ) =60
. D /b

X =11 144
or fdjrml_b 1.359 Re
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Thermal Considerations

» Thermal Effects: Assume laminar flow with uniform temperature, 7'(z; 0) = 7, at inlet of
circular tube with unifornr temperature (T, 1s constant) or a uniform heat flux (g, is constant).

Surface condition
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— Thermal boundary layer develops on surface of tube and thickens with increasing x.

— Isothermal core shrinks as boundary layer grows.

— Subsequent to boundary layer merger, dimensionless forms of the temperature profile
for become independent of x.
> Conditions are then said to be thermally fully developed.
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Thermal Considerations

» For laminar flow the thermal entry length may be expressed as

Xggs!
(E) ~ 0.05 Re,, Pr
D /lam

» Compared with the hydrodynamic entry length in laminar flow:

ifPr=>1,  the hydrodynamic boundary layer develops more rapidly than the
thermal boundary layer

» For turbulent flow, conditions are nearly independent of Prandtl number,

(xg3,/D) = 10
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General Thermal Analysis

» Because the flow in a tube is completely enclosed,

O An energy balance may be applied to determine how the mean temperature 7, (x) (mean or
bulk temperature) varies with position along the tube

0 The total convection heat transfer g, is related to the difference in temperatures at the
tube inlet and outlet.

» Newton’s law of cooling may be expressed as

q; = NI, — T,)
iT 1T
At the same time q. = —k = =k
f?_}" ¥=0 ar r=r,
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General Thermal Analysis

dq ... = }ﬁﬂp[{Tm +dT,)—T,] dq.,,, = q.P dx
dq . om, = M, dT,, R
—_— ] h— Tniy | Tp+dl, [——--

- I
» Integrating from inlet to outlet L
= fo-cix+|

0 L

|:> qmn‘_ — mc—"p{Tm‘p . -Tm,j) Inlet, i Qutlet, o

» A differential equation from which 7, (x) may be determined is obtained by substituting for

Cchonv = qg(PdX) = h( s _Tm)PdX‘ = .Fj?fpdrm

where P 1s the surface perimeter

(P = @D for a circular tube).

dT.  4'P
= Z=_9 P g1y
dx mcp mc,
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General Thermal Analysis

Special Case: Uniform Surface Heat Flux T T,
Enlrgnac_l_'r Fully dn;:jr'clup_'d {
regron | region |
dT, _g'P o I
—— =——Ff(x) = constant I I
dx  mc 7.
P | |
| I
Integrating from x = 0, | | i i
" T. I AT= T\_Tm:% I
q.F - : | S
= L@ =Tpy+2x  g/=constant ar, ar, |
. mc, | _—— |
P | dx dx I
v | g, = stant f—+ x
the mean temperature varies /inearly with x R
AREEEEEEEREREXE
along the tube F |
ﬂ-@ | T
Also |
) qs EEEEEEEEEEREERE
g_.'.’_ — h{T:I — TmJ e T‘.‘ = Tm + I ﬂle - nl.'m- gifjﬂ

iy dx "
mec,
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General Thermal Analysis

Special Case: Uniform Surface Temperature

T = constant |

dT, _  d(AT) _

P
h AT
dx dx rhcp

» Separating variables and integrating from the tube
inlet to the outlet,

|
|
|
|
|
|
|
|
|
|
(T, approaches T, asymptotically) i
i\
T
|

= AT, i L
J d(iﬂ:_PJMI 0 A
ar, AT me, o
T —
AT "L
:> In == _ﬂ(lj h dx) \T.zct:nstunl
AT; me, \L Jo ; ’
AT, —
|:> hl-.iT,- = —%hz T. = constant
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General Thermal Analysis

where Eb or simply h. is the average value of h for the entire tube.

.ﬁ.T T,_Tm’a ( PL _x
== = ——h T.= tant
I:> AT, T, — Tm._r' eXp rr'rcp ) ; — constan

» Integrating from the tube inlet to some axial position x within the tube

T,-T, _
—> s—m(ﬂ=exp(—_ﬂh) T, = constant
T.:_Tm,r' Mcy

» Overall Conditions:
_ AT, - AT,
Goome = HAAT T, = constant where Al = In(ATJAT)
o I
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General Thermal Analysis
Special Case: Uniform External Fluid Temperature

» In many applications, it is the temperature of an external fluid, rather than the tube

surface temperature, that is fixed

AT, T,-T., UA 1
I:> AT =T —T, =eXp| —— |=¢€Xp| — -
T R P Hﬁcp MC, Ry,
T,

- AT B
= q=UAAT,, =—=
ot

Inner flow

i I, x
ATém —> Eq (3) with Ts replaced by Tw. Ficure 8.8 Heat transfer between fluid flowing over a tube

and fluid pazsing through the tube.

Note: Replacement of T, by 7,  if outer surface temperature is uniform.
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Example

8.20 Water at 300K and a flow rate of 5 kg/s enters a black,
thin-walled tube, which passes through a large furnace
whose walls and air are at a temperature of 700 K. The
diameter and length of the tube are 0.25m and 8m,
respectively. Convection coefficients associated with
water flow through the tube and aiwrflow over the tube
are 300 W/m’ + K and 50 W/m’ K, respectively.

Tube, D =0.25m Air —‘
/L=8m'5=1 T =700 K
|
. ————— ===
|

i =5 kgs
T,,;= 300 K T,

i Furnace, Ty, = 700 K (a) Write an expression for the linearized radiation
coefficient corresponding to radiation exchange
between the outer surface of the pipe and the
furnace walls. Explain how to calculate this coef-
ficient if the surface temperature of the tube is
represented by the arithmetic mean of its inlet
and outlet values.

Water

(b) Determine the outlet temperature of the water, T,,, .
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Example cont.

he = 50 W/m?2-K

Te =700 K : \ E% To Tror = Too
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Example cont.
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Example cont.
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Fully Developed Flow

o Laminar Flow in a Circular Tube:

» The local Nusselt number is a constant throughout the fully developed region, but
its value depends on the surface thermal condition.

— Uniform Surface Heat Flux (dg): — Uniform Surface Temperature (T):
Nu,, :th=4.36 Nu, = 1P =3 66

0 Turbulent Flow in a Circular Tube:

> For a smooth surface and fully turbulent conditions (Rep >10,000) the

Dittus — Boelter equation may be used as a first approximation:

0.6 = Pr= 160
_ 4/5p.n (N=03 (T, <T,) Rey = 10.000
Nup =0.023Reg *Pr" [ 1= 2 =T Lo

D
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Fully Developed Flow

— The effects of wall roughness and transitional flow conditions (Re, >3000)

may be considered by using the Gnielinski correlation:

(f/8)(Rey—1000)Pr for 0.5 = Pr = 2000 and
1+12.7(f/8)"%(Pr?7-1) 3000 < Rep = 5 X 10°,

D

Smooth surface:  f =(0.790 InRey—1.64)

Surface of roughnesse > 0: f — Figure 8.3
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Fully Developed Flow

0.1 Critical
0.09 E
Ead —1 Transitiqn
0.08 - -—.___QQE;_J._____ Fully rough zone ———
0.07 Laminar "--,____________:_‘_ 0.05
. flow 0.04
0.06 003
0.05 0.0z
&l = 0.015
=Y po4 %
b=l S 001 wig
& = 0.008 o
L g 0006 3
1 003 va\\%i e
5 = Si; 0004 2
T 0025 4 o002 2
= ~ ) 3
= * e
o 0.02 - 0.001
fr 0.0008
Rep, <7 0.0006
= 0.0004
0.01% i
& (um) I > 0.0002
-
Drawn tubing 15 / = 0.0001
Commercial steal 46 Ny
Cast iron 260 Smiooth pipes (2, 0.0:00,08
0.01 ~
Concrete 300-3000 -
0.009
0.008 - 0.000,01
10° 2 3456810" 2 3456 810° 2 34568105 2 3 456 8107 2T3,4'5-6.8'_03
£ -0.000,001 £ - 0.000,005
I
Reynolds number, Rep, = ";D b
Ficvre 8.3 Friction factor for fully developed flow in a circular tube [6]. Used with permission.
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Noncircular Tubes:

» Use of hydraulic diameter as characteristic length:

D, = 4A
P

» Since the local convection coefficient varies around the periphery of a tube,
approaching zero at its corners, correlations for the fully developed region are
associated with convection coefficients averaged over the periphery of the tube.

o Laminar Flow:

» The local Nusselt number is a constant whose value (Table 8.1) depends on the surface
thermal condition (T, or q!) and the duct aspect ratio.
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Noncircular Tubes:

Mussalt number and friction factor for fully developed laminar flow in tubes of

various cross sections (D = 4A./p, Re = Vi, Dy /v, and Nu = RD/K)
alb Nusselt Number Friction Factor
Tube Geometry or@® | T,=Const. | g, = Const. f
Circle — 3.66 4.36 64.00/Re
Rectangle alb
1 2.98 3.61 56.92/Re
2 3.39 412 62.20/Re
3 3 3.96 4,79 68.36/Re
[ il 4.44 .33 72.92/Re
B 5.14 6.05 78.80/Re
—a— 8 5.60 6.49 82.32/Re
o 7.54 8.24 96.00/Re
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Noncircular Tubes:
alb Nusselt Number Friction Factor
Tube Geometry ore® | T.= Const. | g.= Const. f
Ellipse ab
1 3.66 4.36 64.00/Re
p 3.74 4.56 67.28/Re
4 3.79 4.88 72.96/Re
= 8 372 5.09 76.60/Re
T 16 3.65 5.18 78.16/Re
Triangle ]
10° 161 2.45 50.80/Re
A 3Q° 2.26 2.91 52.28/Re
60° 2.47 3.11 53.32/Re
P‘ 90° 2.34 2.98 h2.60/Re
120° 2.00 2.68 50.96/Re
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Noncircular Tubes:

0 Turbulent Flow:
» As a first approximation, the Dittus-Boelter or Gnielinski correlation may be used
with the hydraulic diameter, irrespective of the surface thermal condition.
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Effect of the Entry Region

» The manner in which the Nusselt decays from inlet to fully developed conditions for laminar
flow depends on the nature of thermal and velocity boundary layer development in the entry

region, as well as the surface thermal condition.
Thermal entry length

Combined entry length

Constant surface (Pr=0.7)
heat flux
20 \\‘\ :
Laminar flow in a \‘\\":x‘_‘ " Entrance region Fully developed region
circular tube. 10 \\ >~
§ ° 4.36
2 Constant surface 3.66
3 temperature
2
1
0.001 0.005 0.01 0.05 0.1 0.5 1
WD _ ol
— Combined Entry Length: AERLE

» Thermal and velocity boundary layers develop concurrently from uniform profiles at the inlet.
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Effect of the Entry Region

— Thermal Entry Length:

0 Velocity profile is fully developed at the inlet, and boundary layer development in
the entry region is restricted to thermal effects.

O Such a condition may also be assumed to be a good approximation for a uniform
inlet velocity profile if Pr >> 1.

» Average Nusselt Number for Laminar Flow in a Circular Tube with Uniform Surface
Temperature:

— Combined Entry Length:
[Re, Pr/(L/ D)]l/3 (/)" >2: [ Rep, Pr/(L/ D)]l/3 (pe/ )0'14 <2:
e Re_ Pr)"’ a —
Nup =1.86(Dj A Nup =3.66
L/D ) \u
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Effect of the Entry Region

— Thermal Entry Length:

Nuo =366+ 20668(D/L)Re; Pr
1+0.04[ (D/L)Re, Pr]

2/3

» Average Nusselt Number for Turbulent Flow in a Circular Tube :

— Effects of entry and surface thermal conditions are less pronounced for turbulent flow and can

be neglected.
— For long tubes(L/D > 60) : — For short tubes (L/D < 60) :
N Nup
Nup ~ Nu ~1+
D D, fd NUp

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




The Concentric Tube Annulus

» Fluid flow through region formed by concentric
tubes.

» Convection heat transfer may be from or to inner
surface of outer tube and outer surface of inner
tube.

» Surface thermal conditions may be characterized
by uniform temperature (T

o1+ Ts0 ) OF uniform heat
flux (q,q5)

» Convection coefficients are associated with
each surface, where

qi”: hi (Ts,i _Tm) qg = ho (Ts,o _Tm)

= " o
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and Nu, where D, =D, —-D,

=~

The Concentric Tube Annulus
» Fully Developed Laminar Flow

Nusselt numbers depend on D;/D, and surface thermal conditions (Tables 8.2, 8.3)

TapLE 8.2 Nusselt number for fully developed laminar
flow in a cireular tube annulus with one surface insulated
and the other at constant temperature

DD, Nh; Nu, Comments
a — 3.66 See Equation 8 33
0.05 1746 4.06
0.10 11.56 411
025 737 4723
0.50 574 443
==1.00 486 486 See Table 8.1, bla— =
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The Concentric Tube Annulus

TaprLe 8.3  Influence coefficients for |‘1||1}' ||t"l.'l'|npl't|
laminar flow in a cireular tube annulus with
uniform heat Hux maintained at both surfaces

D,D, Nuj Nu,, 0; 0,
0 — 4 3647 oo 0
0.05 17.81 4792 218 0.0204
0.10 11.91 4834 1.383 0.0562
020 3400 4833 0.905 0.1041
0.40 6.583 4070 0.603 0.1823
0.60 5012 5.000 0473 02455
0.80 5.58 524 0.4Mm 0.299
1.00 5.385 5.385% 0346 0.346
N, Nu
_-'.'l'rH i — jllll:dI IH o N.“o I 'fo ” *
1— (ga"'gz)ﬁr* 1 —(g:/9,)0,

» Fully Developed Turbulent Flow
Correlations for a circular tube may be used with D replaced by D, .
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Example

Determine the effect of flow rate on outlet temperature and heat rate for water flow through
the tube of a flat-plate solar collector.

\
Ti=25°C — T
0.005 £m< 0.05kg/s — -
|

I—’x L=8m
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Example cont.

86
ater
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Example cont.
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Example cont.
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Example cont.
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Example cont.
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Example

8.59 Exhaust gases from a wire processing oven are dis-
charged into a tall stack and the gas and stack surface
temperatures at the outlet of the stack must be estimated.

Knowledge of the outlet gas temperature T, is useful

for predicting the dispersion of effluents mn the thermal Thermal plume
plume, while knowledge of the outlet stack surface tem- et

perature T;, mdicates whether condensation of the gas | . =

products will occur. The thin-walled, cylindrical stack1s 05m

0.5m i diameter and 6.0 m high. The exhaust gas flow | 1.4 Stack| | Height, 6 m

rate 15 0.5 kg/s. and the inlet temperature 1s 600°C. >
I Building

(a) Consider conditions for which the ambient air tem- ' R
perature and wind velocity are 4°C and 5m/s, Stack base [ | ; '
respectively. Approximating the thermophysical Inlet &l -
properties of the gas as those of atmospheric air, & o
estimate the outlet gas and stack surface tempera- i &
tures for the given conditions.

The gas outlet temperature 1s sensitive to variations
i the ambient air temperature and wind velocity.
For T, = —25°C. 5°C. and 35°C, compute and plot
the gas outlet temperature as a function of wind

n 1t T o= = I
velocity for 2 = V= 10 m/s. Jordan | Amman 11942, Jordan

wucuuval J_)llélllCCl 1115 JJClJal uLcLL | ulivel bll,y vl
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\__ Oven exhaust gases




Example cont.

m = 0.5 kg/s

- — - == - R R i A - — - = - - ——= =y - —tm——— e —— — = - - o
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Example cont.
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Example cont.
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Example cont.
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Example cont.
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Freestream velocity, V(m/s)

—6— Tinf=35C
—&— Tinf= 5C
—&— Tinf=-25C
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Example

8.56 One way to cool chips mounted on the circuit boards of

a computer 1s to encapsulate the boards in metal frames
that provide efficient pathways for conduction to sup-
porting cold plates. Heat generated by the chips is then
dissipated by transfer to water flowing through pas-
sages drilled m the plates. Because the plates are made
from a metal of large thermal conductrvity (typically
aluminiuvm or copper), they may be assumed to be at a
temperature, T, .

(a) Consider circuit boards attached to cold plates of
height H = 750 mm and width L = 600 mm_ each

with N = 10 holes of diameter D = 10mm. If

operating conditions maintain plate temperatures of
T, = 32°C with water flow at m; = 0.2 kg/s per
passage and T, ; = 7°C. how much heat may be dis-

sipated by the circuit boards?

p =
Chemical Engineering Department | Univer
Tel. +962 6 535 5000 | 22888

(b) To enhance cooling, thereby allowing mncreased
power generation without an attendant increase in
system temperatures, a hybnd cooling scheme may
be used. The scheme mvolves forced airflow over the
encapsulated circurt boards, as well as water flow
through the cold plates. Consider conditions for
which N, = 10 circuit boards of width 7= 350 mm
are attached to the cold plates and their average sur-
face temperature 15 T, , = 47°Cwhen T, , = 32°C. If
air is in parallel flow over the plates with #,, = 10 m/s
and T, = 7°C. how much of the heat generated by
the circuit boards 1s transferred to the air?

Coolant passages

Water D=10mm,N=10
T

mi=1C
my = 0.2 kgfs

Cold plate
=32°C

T.-.'.cp =

I

_// L =600 mm

\L Circuit board frames
T, .. =47C, N, =10

Air A T
1 /’.-f/"'
latm, I =7C  LUF 5

u, =10 mfs /,.-'




Example cont.
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Example cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




Example cont.
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Excursion: Liquid-Metal Heat Transfer

» Considerable interest has been placed on liquid-metal heat transfer because of the high heat-
transfer rates that may be achieved with these media.

» These high heat-transfer rates result from the high thermal conductivities of liquid metals as
compared with other fluids; as a consequence, they are particularly applicable to situations
where large energy quantities must be removed from a relatively small space, as in a nuclear
reactor.

» In addition, the liquid metals remain in the liquid state at higher temperatures than
conventional fluids like water and various organic coolants. This also makes more compact

heat-exchanger design possible. r L-T,

» Prandtl number for liquid metals is very low, of the _/,,,—«*"”f

order of 0.01, so that the thermal boundary- layer

u,, 3,
thickness should be substantially larger than the ] - I-T,
hydrodynamic-boundary layer thickness. o

i
—~0.16
i)

I
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Excursion: Liquid-Metal Heat Transfer

» For a liquid metal flowing across flat plate.

8 T-T, 3y 1(y)\
B Too—T, 28 2
» The heat-transfer coefficient may be expressed

heXx ’ .
Nu, = % = 0.530(Re,Pr)"? = 0.530Pe!?

» For calculation of heat-transfer coefficients in fully developed turbulent flow of liquid metals

in smooth tubes with uniform heat flux at the wall, then

Nuy = 'Fl_d =0.625(Re,Pr)?4 for 102 < Pe < 10* and for L/d > 60.

- R 310 =Pr=5%x10"
Nup =482 + 0.0185 Pep, g. = constant 3.6 X 10° = Rep =9.05 X 10°

10? = Pep = 10* !
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Excursion: Liquid-Metal Heat Transfer

» The following relation for calculation of heat transfer to liquid metals in tubes with constant

wall temperature:

2
Nu, =5.0 + 0.025(Re4Pr)"# Pe > 10~ and L/d > 60.

where all properties are evaluated at the bulk temperature

» The heat transfer from a sphere during forced convection

Nu=2+0.386(Re Pr}'“:'-5 3.56 x 10* <Re < 1.525 x 10°.
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SUMMARY

» The general calculation procedure is as follows:

1. Establish the geometry of the situation.

Make a preliminary determination of appropriate fluid properties.

2
3. Establish the flow regime by calculating the Reynolds or Peclet number.
4

Select an equation that fits the geometry and flow regime and reevaluate

properties, if necessary, in accordance with stipulations and the equation.

5. Proceed to calculate the value of h and/or the heat-transfer rate.
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Summary of forced-convection relations

Subscripts: b =bulk temperature, f = film temperature, oo — free stream temperature,
w = wall temperature

Geometry Equation Restrictions

Tube flow Nuy =0.023 R.eg-EPI" Fully developed turbulent flow,
n=10.4 for heating,
n=10.3 for cocling,
0.6 = Pr = 100,
2500 = Rey = 1.25 x 10°

Tube flow Nug =0.0214(Re® — 100)Pr%4 05<Pr=135,
10% = Rey = 5 = 10°

Nuy =0.012(Re5 % — 280)Pr®+ 1.5 = Pr = 500,
3000 < Rey < 108
. 0.14
Tube flow Nu, =0.027 Re0-2pr1/3 ( i) Fully developed turbulent flow

K

0055
Tube flow, entrance region Nug =0.036 R_eg-apl-‘f?' ( — )

Tube flow

L
See also Figures 6-5 and 6-6

Petukov relation
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Turbulent flow

L
10 = i 400

Fully developed turbulent flow,
0.5 = Pr = 2000,

10* < Rey < 3 = 106,

0=t 40

Haw




Summary of forced-convection relations

Subscripts: b =bulk temperature, /= film temperature, oo = flee stream temperature,

w = wall temperature
Geometry Equation Restrictions
Tube flow Nuy =3.66+ 0.0668(d/L) Req PT, - Laminar, T, = const.
1+0.04[(d/L) RegPr]*3
a3 01
Tube flow Nuy =1.86(RePr)1/3 (I) ( _) Fully developed kminar flow,
Hw
Ty = const.
ReyPr a 10
eaPr - =
Bough tubes SI&PI?J = % or Equation (6-7) Fully developed furbulent flow
MNonecircular ducts Beynolds mumber evaluated on basis of Same as particular equation for
hydraulic diameter tube flow
44

Dy =—

A =flow cross-section area,

P =wetted perimeter
Flow across cylinders Nujy = Refj Pr'/? C and n from Table 6.2 0.4 = Regy = 400,000

: o 10 <Ref <107,

Flow across cylinders Nugy = Pe - 0.2

0.62 Re’’* Prl/3 Re, 5814
1 f
[1 + (j D) }

0.3+ 04 /3 1/4 EE,DD
1 -
)]
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Summary of forced-convection relations

Subscripts: & =bulk temperature, f = film temperature, oo = free stream temperature,

= wall temperafure
Geometry Equation ERestrictions
Flow across spheres Nudj- =0.37 Reﬂf Pr~-0.7 (gases), 17 < Re = 70,000
MNuyPr 03y /)82 =12+ 033 ng-ﬂ Water and oils 1 = Fe = 200,000
Properties at Too
Nuy =2+ (0.4 Re;* +0.06 Rej” ) PrP¥ (oo /u)'/* 0.7 <Pr<380,3.5 <Rey < 80,000,
Properties at Too
. _ 1/3
Flow across tube banks Nuy= CRE}M PIJ’ Candn f:im Table 6-4 See text
2 | Pr
Flow across tube banks ~ Nug=CRe?} __ Pr03° (PI—) 0.7 < Pr < 500, 10 < Rey max < 10°
. o

Flow across noncireular Nu=CRef}, Pri/f3
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