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Chapter 1
Introduction

A series of calculation examples presented below validate the ability of SOLIDWORKS Flow
Simulation to predict the essential features of various flows, as well as to solve conjugate heat
transfer problems (i.e. flow problems with heat transfer in solids). In order to perform the
validation accurately and to present clear results which the user can check independently,
relatively simple examples have been selected. For each of the following examples, exact
analytical expression or well-documented experimental results exist. Each of the examples
focus on one or two particular physical phenomena such as: laminar flow with or without heat
transfer, turbulent flows including vortex development, boundary layer separation and heat
transfer, compressible gas flow with shock and expansion waves. Therefore, these examples
validate the ability of Flow Simulation to predict fundamental flow features accurately. The
accuracy of predictions can be extrapolated to typical industrial examples (encountered every
day by design engineers and solved using Flow Simulation), which may include a combination
of the above-mentioned physical phenomena and geometries of arbitrary complexity.

SOLIDWORKS Flow Simulation, 2025 15



Introduction

16 SOLIDWORKS Flow Simulation, 2025

Note - Viewing PDF files within a web browser causes some links not to function. Use HTML for full navigation.



Chapter 2
Flow through a Cone Valve

Let us see how Flow Simulation predicts incompressible turbulent 3D flows in a 3D cone
valve. Characteristic of cone valve inner flow filed influences directly the valves performance.
Especially when fluid flow in runner is turbulent, characteristics of flow field have great
influence on the valves working performance.

The 3D cone valve experimental data is taken from Ref. 27 (the same in Ref. 14). The cone
valve has a complex flow passage geometry combining sudden 3D contractions and expansions
at different turning angles ¢ (Figure 2-1). Following the Ref. 14 and Ref. 27 recommendations
on determining a valve’s hydraulic resistance correctly, i.e. to avoid any valve-generated flow
disturbances at the places of measuring the flow total pressures upstream and downstream of the
valve, the inlet and outlet straight pipes of the same diameter D and of enough length (we take
7D and 17D) are connected to the valve, so constituting the experimental rig model (see
Figure 2-2). As in Ref. 27, a water flows through this model. Its temperature of 293.2 K and
fully developed turbulent inlet profile (see Ref. 21) with mass-average velocity U = 0.5 m/s (to

yield the turbulent flow’s Reynolds number based on the pipe diameter Rep, = 10°) are specified
at the model inlet, and static pressure of 1 atm is specified at the model outlet.

Figure 2-1. The cone valve under consideration: D = 0.206 m, D, = 1.515D,
a =13°40’.

I 7
\“-\ (¥l |
o) - / ! '
& 1 | Il
i i
- ) . _
I

The corresponding model used for these predictions is shown in Figure 2-2. The valve’s turning
angle ¢ is varied in the range of 0...55° (the valve opening diminishes to zero at ¢ = 82°30").
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Flow through a Cone Valve

Figure 2-2. The model for calculating the 3D flow in the cone valve.

The flow predictions performed with Flow Simulation are validated by comparing the valve’s
hydraulic resistance ¢,,, and the dimensionless coefficient of torque M (see Figure 2-1) acting on

the valve, m, to the experimental data of Ref. 27 (Ref. 14).

Since Ref. 27 presents the valve’s hydraulic resistance (i.e. the resistance due to the flow
obstacle, which is the valve) ¢,, whereas the flow calculations in the model (as well as the

experiments on the rig) yield the total hydraulic resistance including both ¢, and the tubes’
hydraulic resistance due to friction, 4}, re.{=¢,+ Cf, then, to obtain ¢, from the flow predictions
(as well as from the experiments), (ris calculated (measured in the experiments) separately, at
the fully open valve (¢ = 0); then {, = {—

In accordance with Ref. 27, both {'and (rare defined as (P, e = Py ousier)/ (P U?/2), where

P, inies and P, ,.0; are the flow total pressures at the model’s inlet and outlet, accordingly, p is

the fluid density. The torque coefficient is defined as m = M/[D*-(pU?/2)-(1 + )], where M is

the torque trying to slew the valve around its axis (vertical in the left picture in Figure 2-1) due
to a non-uniform pressure distribution over the valve’s inner passage (naturally, the valve’s
outer surface pressure cannot contribute to this torque). M is measured directly in the
experiments and is integrated by Flow Simulation over the valve’s inner passage.

The Flow Simulation predictions have been performed at result resolution level of 5 with
manual setting of the minimum gap size to the valve’s minimum passage in the ¥ = 0 plane and
the minimum wall thickness to 3 mm (to resolve the valve’s sharp edges).

Flow Simulation has predicted {y= 0.455, {, shown in Figure 2-3, and m shown in Figure 2-4 It
is seen that the Flow Simulation predictions well agree with the experimental data of Ref. 27.

This cone valve's 3D vortex flow pattern at ¢ = 45° is shown in Figure 2-5 by flow trajectories
colored by total pressure. The corresponding velocity contours and vectors at the ¥ = 0 plane are
shown in Figure 2-6.
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Flow through a Cone Valve

Figure 2-3. Comparison of the Flow Simulation predictions with the
experimental data on the cone valve’s hydraulic resistance versus the cone
valve turning angle.

-
100 + Experimental data
sl &l cul lation
10
1
0.1 o
15 25 35 45 55 P(°)

Figure 2-4. Comparison of the Flow Simulation predictions with the
experimental data on the cone valve’s torque coefficient versus the cone valve
turning angle.
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Flow through a Cone Valve

Figure 2-5. Flow trajectories colored by total pressure at ¢ = 45°.
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Chapter 3
Laminar Flows Between Two Parallel Plates

Let us consider two-dimensional (planar) steady-state laminar flows of Newtonian, non-
Newtonian, and compressible liquids between two parallel stationary plates spaced at a distance
of 2h.

In the case of Newtonian and non-Newtonian liquids the channel has a 24 = 0.01 m height and a
0.2 m length, the inlet for these liquids have standard ambient temperature (293.2 K) and a
uniform inlet velocity profile of u,, = 0.01 m/s (entrance disturbances are neglected). The
geometry model is shown in Figure 3-1.The inlet pressure is not known beforehand, since it will
be obtained from the calculations in accordance with the specified channel exit pressure of

1 atm. The fluids pass through the channel due to a pressure gradient.

Figure 3-1. Flow between two parallel plates.

T

Since the Reynolds number based on the channel height is equal to about Re,;, = 100, the flow is
laminar.

As for the liquids, let us consider water as a Newtonian liquid and four non-Newtonian liquids
having identical density of 1000 kg/m3 , identical specific heat of 4200 J/(kg-K) and identical
thermal conductivity of 10 W/(m-K), but obeying different non-Newtonian liquid laws
available in Flow Simulation.

The considered non-Newtonian liquids' models and their governing characteristics are presented
in Table 3-1. These models are featured by the function connecting the flow shear stress (z) with
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the flow shear rate ("), i.e. 7= f17], or, following Newtonian liquids, the liquid dynamic

viscosity () with the flow shear rate (}" ), i.e. t=nl7]-7:

1. the Herschel-Bulkley model: 7=K-(7|" +1,, where K is the consistency coefficient, n
is the power-law index, and 7, is the yield stress (a special case with n = 1 gives the
Bingham model);

2. the power-law model: r=K-(#]",ie., 7=K-(7]"", which is a special case of Herschel-

Bulkley model with 7, = 0;

3. the Carreau model: r=p5- 7, n=n_+l,—n, |- L+I& -7 N , where 7, is the liquid
dynamic viscosity at infinite shear rate, 1.e. the minimum dynamic viscosity, 7 is the
liquid dynamic viscosity at zero shear rate, i.e. the maximum dynamic viscosity, K is

the time constant, # is the power-law index (this model is a smooth version of the power-
law model).

Table 3-1. Non-Newtonian liquids' models and their governing characteristics

Non-Newtonian liquid No. 1 2 3 4
Non-Newtonian liquid model Herschel- | Bingham | Power Carreau
Bulkley law
Consistency coefficient, K (Pa-s”) 0.001 0.001 0.001 }
Power law index, n 1.5 1 0.6 04
Yield stress, 7, (Pa) 0.001 0.001 - -
Minimum dynamic viscosity, 7., - - - 1074
(Pa-s)
Maximum dynamic viscosity, 7 - - - 1073
(Pa-s)
Time constant, K (s) - - - 1

In accordance with the well-known theory presented in Ref. 21, after some entrance length, the
flow profile u(y) becomes fully developed and invariable. It can be determined from the Navier-

dP dr ) T

— = CONS = —

Stokes x-momentum equation dx dv I corresponding to this case in the
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Laminar Flows Between Two Parallel Plates

daF
coordinate system shown in Figure 3-1 (y = 0 at the channel's center plane, - is the
., _ dl
longitudinal pressure gradient along the channel, © v in the flow under consideration).

As a result, the fully developed u(y) profile for a Newtonian fluid has the following form:

1 d°F .,
f.-I.1'I=——; he—17)
21 dx ,

where 7 is the fluid dynamic viscosity and 4 is the half height of the channel,

dP _ n i,

dx [
where u,, is the flow's mass-average velocity defined as the flow's volume flow rate divided by

the area of the flow passage cross section.

For a non-Newtonian liquid described by the power-law model the fully developed u(y) profile
and the corresponding pressure gradient can be determined from the following formulas:

{ el
2+l 1- #' dP K (uy, In+ly
n+1 i f —- .

! ! f

wlyl=u,,

WA i

For a non-Newtonian liquid described by the Herschel-Bulkley model the fully developed u(y)
profile can be determined from the following formulas:

|;||: ?Ii ;1 r._ 1
wlyvl=u, =—5———I, -7, I |1| <=0
K, n+l at T,
n=1
— |
. T 7
I, T—f:
wlyl=u,, - 1- i
r,—T, | r
| | 1o _",I1I:
! at I,

where the unknown wall shear stress z,, is determined numerically by solving the nonlinear
equation

=TTas Ar, -, )= | 1 - |
K 'r, n+l | 2u+l ¢ |
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e.g. with the Newton method, as described in this validation. The corresponding pressure
adP T

gradient is determined as .~ j .

For a non-Newtonian liquid described by the Carreau model the fully developed u(y) profile can
not be determined analytically in an explicit form, so in this validation example it is obtained by
solving the following parametric equation:

J':i}ﬂ;;: +(,”_- —,Ef::)|1+/'_:}:: |i=:—1: 2|
T

f b

(1t — 11, )h

_ Iy, :_(ﬂ:_ﬂm}h[]_’_ﬁ:p: ']{-:"1" 2 (niDr 2
" LA,

. \
Hpt—— | —
ir, (n+1)r, L )

=g,

1
A

where p is a free parameter varied within the +p,,, . range,

[ :}J=='.r.7.'|:":‘r:: +(:‘!‘r.' —,H::)|1+/-.:_Li'.l:i_,:_. l:::_l: : | >
- W — N - Tl 3 A | —
v = hyt, ;a+(,i£, ’u“‘}h[1+2‘p_,:a] 1 (o2 _L M
ir, (n+1)z, i) (n+Dr A°

h g,

. . . hu,,, = j udy = j u—-idp
The p value is varied to satisfy i : dp

tfP_?'.

The corresponding pressure gradient is equal to 7+ J; .

The geometry model for the 2D calculation is shown in Figure 3-2. The boundary conditions are
specified as mentioned above and the initial conditions coincide with the inlet boundary
conditions. The results of the calculations performed with Flow Simulation at result resolution
level 5 are presented in Figure 3-2 — Figure 3-7. The channel exit u(y) profile and the channel
P(x) profile were obtained along the sketches shown by green lines in Figure 3-2.
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Figure 3-2. The model for calculating 2D flow between two parallel plates with
Flow Simulation.

Figure 3-3. The water and liquid #3 velocity profiles u(y) at the channel outlet.
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Laminar Flows Between Two Parallel Plates

Figure 3-4. The water and liquid #3 longitudinal pressure change along the
channel, P(x).
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Figure 3-5. The liquids #1 and #2 velocity profiles u(y) at the channel outlet.
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From Figure 3-4, Figure 3-6, and Figure 3-8 you can see that for all the liquids under
consideration, after some entrance length of about 0.03 m, the pressure gradient governing the
channel pressure loss becomes constant and nearly similar to the theoretical predictions. From
Figure 3-3, Figure 3-5, and Figure 3-7 you can see that the fluid velocity profiles at the channel
exit obtained from the calculations are close to the theoretical profiles.
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Figure 3-6. The liquids #1 and #2 longitudinal pressure change along the
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Figure 3-7. The liquid #4 velocity profile u(y) at the channel outlet.
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In the case of compressible liquids the channel has the height of 2/ = 0.001 m and the length of
0.5 m, the liquids at its inlet had standard ambient temperature (293.2 K) and a uniform inlet
velocity profile corresponding to the specified mass flow rate of ;;; =0.01 kg/s.

The inlet pressure is not known beforehand, since it will be obtained from the calculations as
providing the specified mass flow rate under the specified channel exit pressure of 1 atm. (The
fluids pass through the channel due to the pressure gradient).
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Figure 3-8. The liquid #4 longitudinal pressure change along the channel, P(x).
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Let us consider two compressible liquids whose density obeys the following laws:

e the power law: (p“

p\" P+B
) _Pl|+B:

where p, Py, B and n are specified: p is the liquid's density under the reference pressure
Py, B and n are constants,

_ Pa
L P= . P*B
the logarithmic law: 1=-Cinpg—=5

where p, Py, B and C are specified: p is the liquid's density under the reference
pressure P, B and C are constants.

In this validation example these law's parameters values have been specified as p =103 kg/m>,

Py=1atm, B = 10’ Pa, n=1.4, C =1, and these liquids have the 1 Pa-s dynamic viscosity.

Since this channel is rather long, the pressure gradient along it can be determined as

cP _ 3m m

h_:f:',a 5

where 7 is the liquids' dynamic viscosity, ;; is the liquid mass flow rate, S is the channel's

width, p is the liquid density.
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Therefore, by substitution the compressible liquids' p(P) functions, we obtain the following
equations for determining P(x) along the channel:

&P 3u wm (B+B)"
e for the power-law liquid: é&x  #* Sp, | P+B)

o (P+B)TR O (p e,
its solution is n+l h'Sp, ,

where C is a constant determined from the boundary conditions;

&P 3u | P8 \
- =TT - 1n
e for the logarithmic-law liquid: ¢x h Sp,l E+B],

this equation is solved numerically.

Both the theoretical P(x) distributions and the corresponding distributions computed within
Flow Simulation on a 5x500 computational mesh are presented in Figure 3-9 and Figure 3-10. It
is seen that the Flow Simulation calculations agree with the theoretical distributions.

Figure 3-9. The logarithmic-law compressible liquid's longitudinal pressure
change along the channel, P(x).

P, Pa

18000000 — Logarithmic law,
theory

16000000 —‘q--.\%. —— Logarithmic law,
14000000 calculation

12000000
10000000
8000000
6000000
4000000
2000000
0

0 0.1 0.2 0.3 0.4 05 X,m

SOLIDWORKS Flow Simulation, 2025 29



Laminar Flows Between Two Parallel Plates

Figure 3-10. The power-law compressible liquid's longitudinal pressure change
along the channel, P(x).
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Chapter 4
Laminar and Turbulent Flows in Pipes

Let us see how the 3D flow through a straight pipe is predicted. We pay particular attention to
friction, which is directly related to the pressure drop and head loss during flow through a pipe.

We consider water (at standard 293.2 K temperature) flowing through a long straight pipe with
circular cross section of d = 0.1 m (see Figure 4-1). At the pipe inlet the velocity is uniform and
equal to u;,. At the pipe outlet the static pressure is equal to 1 atm.

Figure 4-1. Flow in a pipe.

A
Y

The geometry model used for all the 3D pipe flow calculations is shown in Figure 4-2 The
initial conditions have been specified to coincide with the inlet boundary conditions. The
computational domain is reduced to domain (Z > 0, Y > 0) with specifying the flow symmetry
planes at Z=0and Y= 0.
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Laminar and Turbulent Flows in Pipes

Figure 4-2. The geometry model for calculating 3D flow in a pipe with Flow
Simulation.

7

According to theory (Ref. 21), the pipe flow velocity profile changes along the pipe until it
becomes a constant, fully developed profile at a distance of L;, from the pipe inlet. According to

Ref. 21, L;, 1s estimated as:

(0.03-d-Re, z3-d. Re,=01.2500
L, =1 100-4d. Re, =2500...6000
| 404, Re, =6000..10°

where Re; = p-U-d/u is the Reynolds number based on the pipe diameter d, U is the mass-
average flow velocity, p is the fluid density, and u is the fluid dynamic viscosity.

Therefore, to provide a fully developed flow in the pipe at Re; under consideration, we will
study the cases listed in Table 4-1. Here, L, is the overall pipe length. All the Flow

Simulation predictions concerning the fully developed pipe flow characteristics are referred to
the pipe section downstream of the inlet section.

Table 4-1. Pipe inlet velocities and lengths.

Rey Ui, m/s Lip, m L pipe m
0.1 1076 0.3 0.45
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Table 4-1. Pipe inlet velocities and lengths. (cont.)

Rey Ui, M/s Lip, m L pipe m
100 0.001 0.3 0.45
1000 0.01 3 4.5

104 0.1 4 (5)* 6 (10)*
10° 1 4 (5)* 6 (10)*
100 10 4 (5)* 6 (10)*

*) the lengths in brackets are for the rough pipes.

The flow regime in a pipe can be laminar, turbulent, or transitional, depending on Re,;.
According to Ref. 21, Re; = 4000 is approximately the boundary between laminar pipe flow and
turbulent one (here, the transitional region is not considered).

Theory (Refs. 21 and 25) states that for laminar fully developed pipe flows (Hagen-Poiseuille
flow) the velocity profile u(y) is invariable and given by:

)= — LR
dit dx

where R is the pipe radius, and dP/dx is the longitudinal pressure gradient along the pipe, which
is also invariable and equal to:

E . Sprm,,

dx R*
The Flow Simulation predictions of dP/dx and u(y) of the laminar fully developed pipe flow at
Re; =100 performed at result resolution level 6 are presented in Figure 4-3 and Figure 4-4. The

presented predictions relate to the smooth pipe, and similar ones not presented here have been
obtained for the case of the rough tube with relative sand roughness of k/d = 0.2...0.4 %, that
agrees with the theory (Ref. 21).
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Figure 4-3. The fluid velocity profile at the pipe exit for Rey = 100.
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Figure 4-4. The longitudinal pressure change (pressure gradient) along the pipe
at Rey = 100.
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From Figure 4-4 one can see that after an entrance length of about 0.15 m the pressure gradient
predicted by Flow Simulation coincides with the one predicted by theory. Therefore, the
prediction of pipe pressure loss is excellent. As for local flow features, from Figure 4-3 one can
see that the fluid velocity profiles predicted at the pipe exit are rather close to the theoretical
profile.

The velocity profile and longitudinal pressure distribution in a smooth pipe at Re; = 10%, i.e., in

a turbulent pipe flow regime, predicted by Flow Simulation at result resolution level 6 are
presented in Figure 4-5 and Figure 4-6 and compared to theory (Ref. 21, the Blasius law of
pressure loss, the 1/7-power velocity profile).
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Figure 4-5. The longitudinal pressure changes(pressure gradient) along the pipe
at Rey=10°.
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Then, to stand closer to engineering practice, let us consider the Flow Simulation predictions of
the pipe friction factor used commonly and defined as:

AP d
s L
P

?
where L is length of the pipe section with the fully developed flow, along which pressure loss

AP 1s measured.

Figure 4-6. The fluid velocity profile at the pipe exit at Rey = 10°.
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In Figure 4-7 and Figure 4-8 (scaled up) you can see the Flow Simulation predictions
performed at result resolution level 5 for the smooth pipes in the entire Re, range (both laminar
and turbulent), and compared with the theoretical and empirical values determined from the

following formulas which are valid for fully-developed flows in smooth pipes (Refs. 21, 14, and
25):

64 . Re, = 2300 —laminar flows
| Res _
F =1 0316-Re:*. 4000 < Re . < 10° — rurbulent flows
; 1.8-log Re, . Re. 210° —turbulent flows
I 69 '

It can be seen that the friction factor values predicted for smooth pipes, especially in the laminar
region, are fairly close to the theoretical and empirical curve.

As for the friction factor in rough pipes, the Flow Simulation predictions for the pipes having
relative wall roughness of k/d = 0.4% (k is the sand roughness) are presented and compared with
the empirical curve for such pipes (Refs. 21, 14, and 25) in Figure 4-8. The underprediction
error does not exceed 13%.

Additionally, in the full accordance with theory and experimental data the Flow Simulation
predictions show that the wall roughness does not affect the friction factor in laminar pipe
flows.

Figure 4-7. The friction factor predicted by Flow Simulation for smooth pipes in
comparison with the theoretical and empirical data.
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Figure 4-8. The friction factor predicted by Flow Simulation for smooth and

rough pipes in comparison with the theoretical and empirical data.
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Chapter 5
Flows Over Smooth and Rough Flat Plates

Let us consider uniform flows over smooth and rough flat plates with laminar and turbulent
boundary layers, so that Flow Simulation predictions of a flat plate drag coefficient are
validated.

We consider the boundary layer development of incompressible uniform 2D water flow over a
flat plate of length L (see Figure 5-1). The boundary layer develops from the plate leading edge
lying at the upstream computational domain boundary. The boundary layer at the leading edge
is considered laminar. Then, at some distance from the plate leading edge the boundary layer
automatically becomes turbulent (if this distance does not exceed L).

Figure 5-1. Flow over a flat plate.

—
v, ————»
.
—»

The geometry model is shown in Figure 5-2. The problem is solved as internal in order to avoid
a conflict situation in the corner mesh cell where the external flow boundary and the model wall
intersect. In the internal flow problem statement, to avoid any influence of the upper model
boundary or wall on the flow near the flat plate, the ideal wall boundary condition has been
specified on the upper wall. The plate length is equal to 10 m, the channel height is equal to 2 m,
the walls’ thickness is equal to 0.5 m.
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Figure 5-2. The model for calculating the flow over the flat plate with Flow
Simulation: (1) inlet, (2) outlet, (3) ideal wall, (4) rough or smooth wall.

To solve the problem, an incoming uniform water flow of a certain velocity (see below),
temperature of 293.2 K, turbulence intensity of 1%, and turbulence length of 0.01 m is specified
at the channel inlet, whereas the water static pressure of 1 atm is specified at the channel outlet.

The flow computation is aimed at predicting the flat plate drag coefficient, defined as (see
Refs. 21 and 25):

where F'is the plate drag force, 4 is the plate surface area, p is fluid density, and V is the fluid
velocity.

According to Refs. 21 and 25, the plate drag coefficient value is governed by the Reynolds
number, based on the distance L from the plate leading edge (Re; = p-V-L/u, where p is the fluid
density, V is the incoming uniform flow velocity, and x is fluid dynamic viscosity), as well as
by the relative wall roughness L/k, where k is the sand roughness. As a result, Refs. 21 and 25
give us the semi-empirical flat plate Cp(Re; ) curves obtained for different L/k from the
generalized tubular friction factor curves and presented in Figure 5-3 (here, ¢ = k). If the
boundary layer is laminar at the plate leading edge, then the wall roughness does not affect Cp,
until the transition from the laminar boundary layer to the turbulent one, i.e., the Cp(Re;) curve
is the same as for a hydraulically smooth flat plate. The transition region’s boundaries depend
on various factors, the wall roughness among them. Here is shown the theoretical transition
region for a hydraulically smooth flat plate. The transition region's boundary corresponding to
fully turbulent flows (i.e., at the higher Re;) is marked in Figure 5-3 by a dashed line. At the
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higher Re;, the semi-empirical theoretical curves have flat parts along which Re; does not affect
Cp at a fixed wall roughness. These flat parts of the semi-empirical theoretical curves have been

obtained by a theoretical scaling of the generalized tubular friction factor curves to the flat plate
conditions under the assumption of a turbulent boundary layer beginning from the flat plate
leading edge.

To validate the Flow Simulation flat plate Cj, predictions within a wide Re; range, we have
varied the incoming uniform flow velocity at the model inlet to obtain the Re; values of 10°,
3-10°, 105, 3-10%, 107, 3-107, 10%, 3-10%, 10°. To validate the wall roughness influence on Cp,

the wall roughness k& values of 0, 50, 200, 103 , 5'103, 10* mm have been considered. The Flow
Simulation calculation results obtained at result resolution level 5 and compared with the semi-
empirical curves (Refs. 21 and 25) are presented in Figure 5-3.

As you can see from Figure 5-3, Cp(Re;) of rough plates is somewhat underpredicted by Flow
Simulation in the turbulent region, at L/k = 1000 the Cp(Re;) prediction error does not exceed
about 12%.

Figure 5-3. The flat plate drag coefficient predicted with Flow Simulation for
rough and hydraulically smooth flat plates in comparison with the semi-
empirical curves.
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Chapter 6
Flow in a 90-degree Bend Square Duct

Let us see how the 3D flow through a bend square duct is predicted. The main feature of flow
through a bend is the presence of a radial pressure gradient created by the centrifugal force
acting on the fluid. Because of this, the fluid at the center of the pipe moves towards the outer
side and comes back along the wall towards the inner side. If the bend curvature is strong
enough, the adverse pressure gradient near the outer wall in the bend and near the inner wall just
after the bend may lead to flow separation at these points, giving rise to a large increase in
pressure losses.

Following Ref. 13, we will consider a steady-state flow of water (at 293.2 K inlet temperature
and U;, = 0.0198 m/s inlet uniform velocity) in a 40x40 mm square cross-sectional duct having
a 90°-angle bend with »; = 72 mm inner radius (r, = 112 mm outer radius accordingly) and

attached straight sections of 1.8 m upstream and 1.2 m downstream (see Figure 6-1). Since the
flow's Reynolds number, based on the duct's hydraulic diameter (D =40 mm), is equal to
Rep =790, the flow is laminar.
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Flow in a 90-degree Bend Square Duct

Figure 6-1. The 90°-bend square duct's configuration indicating the velocity
measuring stations and the dimensionless coordinates used for presenting the
velocity profiles.
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The predicted dimensionless (divided by U;,,)) velocity profiles are compared in Figure 6-2 and

Figure 6-3 with the ones measured with a laser-Doppler anemometry at the following duct cross
sections: Xy =-5D, -2.5D, 0 (or 6 = 0°) and at the 6 = 30°, 60°, 90° bend sections. The z and r

r—r, z
directions are represented by coordinates r.—r, and :, where z;, =20 mm. The
dimensionless velocity isolines (with the 0.1 step) at the duct's 8 = 60° and 90° sections, both
measured in Ref. 13 and predicted with Flow Simulation, are shown in Figure 6-4 and

Figure 6-5.
It is seen that the Flow Simulation predictions are close to the Ref. 13 experimental data.

The duct's velocity profiles predicted by FLOEFD (red lines) in comparison with the Ref. 13
experimental data (circles).
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Flow in a 90-degree Bend Square Duct

Figure 6-2. The duct's velocity profiles predicted by Flow Simulation (red lines)
in comparison with the experimental data (circles).
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Flow in a 90-degree Bend Square Duct

Figure 6-3. The duct's velocity profiles predicted by Flow Simulation (red lines)
in comparison with the experimental data (circles).
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Flow in a 90-degree Bend Square Duct

Figure 6-4. The duct's velocity isolines at the 8 = 60° section predicted by Flow
Simulation (left) in comparison with the experimental data (right).
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Figure 6-5. The duct's velocity isolines at the 6 = 90° section predicted by Flow
Simulation (left) in comparison with the experimental data (right).
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Flow in a 90-degree Bend Square Duct
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Chapter 7

Flows in 2D Channels with Bilateral and
Unilateral Sudden Expansions

In this example we will consider both turbulent and laminar incompressible steady-state flows
through 2D (plane) channels with bilateral and unilateral sudden expansions and parallel walls.

The both channel geometries are shown in Figure 7-1 and Figure 7-2. At the 10 cm inlet height
of the bilateral-sudden-expansion channels a uniform water stream at 293.2 K and 1 m/s is
specified. The Reynolds number is based on the inlet height and is equal to Re = 10, therefore
(since Re > 104) the flow is turbulent. At the 30 mm height inlet of the unilateral-sudden-
expansion channel an experimentally measured water stream at 293.2 K and 8.25 mm/s mean
velocity is specified, so the Reynolds number based on the inlet height is equal to Re = 250,
therefore the flow is laminar. In both channels, the sudden expansion generates a vortex, which
is considered in this validation from the viewpoint of hydraulic loss in the bilateral-expansion
channel (compared to Ref. 14) and from the viewpoint of the flow velocity field in the
unilateral-expansion channel (compared to Ref. 9).

Figure 7-1. Flow in a 2D (plane) channel with a bilateral sudden expansion.
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Flows in 2D Channels with Bilateral and Unilateral Sudden Expansions
Bilateral Sudden Expansion
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Bilateral Sudden Expansion

It is known from hydrodynamics that channels with a sudden expansion generate hydraulic
resistance to the flow due to a loss of flow energy caused by vortices in the vortex region
downstream of the sudden expansion.

In accordance with Ref. 14, the local hydraulic loss coefficient of a bilateral sudden expansion

(the so-called total pressure loss due to flow) for a turbulent (Re > 104) flow with a uniform
inlet velocity profile depends only on the expansion area ratio and is determined from the
following formula:

- _B_ﬁ_.l_'i.' i
T J.:}.:'.-_-: a A, |
5

-

where 4 and 4, are the inlet and outlet cross sectional areas respectively, P, and P; are the

inlet and outlet total pressures, and pu02/2 is the inlet dynamic head.

In a real sudden expansion the flow hydraulic loss coefficient is equal to & = §f+ &, where éfis
the friction loss coefficient. In order to exclude ¢y from our comparative analysis, we have
imposed the ideal wall boundary condition on all of the channel walls.

In this validation example the channel expansion area ratios under consideration are: 1.5, 2.0,
3.0, and 6.0. To avoid disturbances at the outlet due to the sudden expansion, the channel length
is 10 times longer than its height. The 1 atm static pressure is specified at the channel outlet.

The ¢, values predicted by Flow Simulation at result resolution level 8 for different channel
expansion area ratios 4y/4; are compared to theory (Ref. 14) in Figure 7-3

From Figure 7-3, one can see that Flow Simulation overpredicts by about 4.5...7.9 %.
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Flows in 2D Channels with Bilateral and Unilateral Sudden Expansions
Unilateral Sudden Expansion

Figure 7-3. Comparison of Flow Simulation calculations to the theoretical
values for the sudden expansion hydraulic loss coefficient versus the channel
expansion area ratio.
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Unilateral Sudden Expansion

The unilateral-sudden-expansion channel's flow also known as flow over a backward-facing
step is a widely used benchmark problem to evaluate the accuracy of computational codes
predicting behavior of separated flows.

The model used for the unilateral-sudden-expansion channel's flow calculation is shown in
Figure 7-4. The channel's inlet section has a 30 mm height and a 20 mm length. The channel's
expanded section (downstream of the 15 mm height back step) has a 45 mm height and a

400 mm length (to avoid disturbances of the velocity field compared to the experimental data
from the channel's outlet boundary condition). The velocity profile measured in the Ref. 9 at the
corresponding Re;, = 125 (the Reynolds number based on the step height) is specified as a

boundary condition at the channel inlet. The 10° Pa static pressure is specified at the channel
outlet.
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Flows in 2D Channels with Bilateral and Unilateral Sudden Expansions
Unilateral Sudden Expansion

Figure 7-4. The geometry model for calculating the 2D flow in the unilateral-
sudden-expansion channel with Flow Simulation.
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The flow velocity field predicted by Flow Simulation at result resolution level 8 is compared in
Figure 7-5, Figure 7-6, and Figure 7-7 to the values measured in Ref. 9 with a laser
anemometer. The flow x-velocity (#/U, where U = 8.25 mm/s) profiles at several x = const
(20 mm, 0, 12 mm, ..., 150 mm) cross sections are shown in Figure 7-5 It is seen that the
predicted flow velocity profiles are very close to the experimental values both in the main
stream and in the recirculation zone. The recirculation zone's characteristics, 1.e. its length Lp

along the channel's wall, (plotted versus the Reynolds number Re;, based on the channel's step
height A, where Re;, = 125 for the case under consideration), the separation streamline, and the

vortex center are shown in Figure 7-6 and Figure 7-7. It is seen that they are very close to the
experimental data.
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Flows in 2D Channels with Bilateral and Unilateral Sudden Expansions
Unilateral Sudden Expansion

Figure 7-5. The unilateral-sudden-expansion channel's velocity profiles
predicted by Flow Simulation (red lines) in comparison with the experimental
data (black lines with dark circles).
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Figure 7-6. The unilateral-sudden-expansion channel's recirculation zone
length predicted by Flow Simulation (red square) in comparison with the
experimental data (black signs).
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Flows in 2D Channels with Bilateral and Unilateral Sudden Expansions
Unilateral Sudden Expansion

Figure 7-7. The unilateral-sudden-expansion channel recirculation zone's
separation streamlines and vortex center, both predicted by Flow Simulation
(red lines and square) in comparison with the experimental data (black signs).
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As one can see, both the integral characteristics (hydraulic loss coefficient) and local values
(velocity profiles and recirculation zone geometry) of the turbulent and laminar flow in a 2D
sudden expansion channel under consideration are adequately predicted by Flow Simulation.
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Chapter 8
Flow over a Circular Cylinder

Let us now consider an external incompressible flow example. In this example, water at a
temperature of 293.2 K and a pressure of 1 atm flows over a cylinder of 0.01 m or 1 m diameter.
The flow pattern of this example substantially depends on the Reynolds number which is based
on the cylinder diameter.

At low Reynolds numbers (4 < Re < 60) two steady vortices are formed on the rear side of the
cylinder and remain attached to the cylinder, as it is shown schematically in Figure 8-1 (see
Ref. 19).

Figure 8-1. Flow past a cylinder at low Reynolds numbers (4 < Re < 60).
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At higher Reynolds numbers the flow becomes unstable and a von Karman vortex street appears
in the wake past the cylinder. Moreover, at Re > 60...100 the eddies attached to the cylinder
begin to oscillate and shed from the cylinder (Ref. 19). The flow pattern is shown schematically
in Figure 8-2.

Figure 8-2. Flow past a cylinder at Reynolds numbers Re > 60...100.
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Flow over a Circular Cylinder

To calculate the 2D flow (in the X-Y plane) with Flow Simulation, the model shown in
Figure 8-3 has been created. The cylinder diameter is equal to 0.01 m at Re < 10* and 1 m at

Re > 10% The incoming stream turbulence intensity has been specified as 0.1%. To take the
flow’s physical instability into account, the flow has been calculated by Flow Simulation using
the time-dependent option. All the calculations have been performed at result resolution level 6.

Figure 8-3. The geometry model used to calculate 2D flow over a cylinder.

In accordance with the theory, steady flow patterns have been obtained in these calculations in
the low Re region. An example of such calculation at Re = 41 is shown in Figure 8-4 as flow
trajectories over and past the cylinder in comparison with a photo of such flow from Ref. 23. It
is seen that the steady vortex past the cylinder is predicted correctly.

Figure 8-4. Flow trajectories over and past a cylinder at Re = 41 predicted with
Flow Simulation (above) in comparison with a photo of such flow (below).
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Flow over a Circular Cylinder

The unsteady vortex shedding from a cylinder at Re > 60...100, yields oscillations of both drag
and lateral forces acting on the cylinder and a von Karman vortex street is formed past the
cylinder. An x-velocity field over and past the cylinder is shown in Figure 8-5. The Flow
Simulation prediction of the cylinder drag and lateral force oscillations' frequency in a form of
Strouhal number (St = D/(¢-U), where D is the cylinder diameter, ¢ is the period of oscillations,
and U is the incoming stream velocity) in comparison with experimental data from Ref. 25 for

Re > 107 is shown in Figure 8-6.

Figure 8-5. Velocity contours of flow over and past the cylinder at Re = 140.
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Figure 8-6. The cylinder flow's Strouhal number predicted with Flow
Simulation (red triangles) in comparison with the experimental data (blue line
with dashes.
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Flow over a Circular Cylinder

The time-averaged cylinder drag coefficient is defined as

Fr
- _ )
Cp = I

1 .
EJ{}L DL

where Fj is the drag force acting on the cylinder, pU2/2 is the incoming stream dynamic head,

D is the cylinder diameter, and L is the cylinder length. The cylinder drag coefficient, predicted

by Flow Simulation is compared to the well-known Cp(Re) experimental data from Ref. 19 in
Figure 8-7.

Figure 8-7. The cylinder drag coefficient predicted by Flow Simulation (red
diamonds) in comparison with the experimental data (black marks).
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Chapter 9
Supersonic Flow in a 2D Convergent-
Divergent Channel

The present example is concerned with the study of compressible flow in a typical design of the
nozzle with a fixed convergent section followed by a fixed divergent section. This nozzle
configuration is called a convergent-divergent, or CD.

Now let us consider an external supersonic flow of air in a 2D (plane) convergent-divergent
channel whose scheme is shown on Figure 9-1.

Figure 9-1. Supersonic flow in a 2D convergent-divergent channel.
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A uniform supersonic stream of air, having a Mach number M = 3, static temperature of

293.2 K, and static pressure of 1 atm, is specified at the channel inlet between two parallel
walls. In the next convergent section (see Figure 9-2) the stream decelerates through two
oblique shocks shown schematically in Figure 9-1 as lines separating regions 1, 2, and 3. Since
the convergent section has a special shape adjusted to the inlet Mach number, so the shock
reflected from the upper plane wall and separating regions 2 and 3 comes to the section 3 lower
wall edge, a uniform supersonic flow occurs in the next section 3 between two parallel walls. In
the following divergent section the supersonic flow accelerates thus forming an expansion
waves fan 4. Finally, the stream decelerates in the exit channel section between two parallel
walls when passing through another oblique shock.
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Supersonic Flow in a 2D Convergent-Divergent Channel

Figure 9-2. Dimensions (in m) of the 2D convergent-divergent channel
including a reference line for comparing the Mach number.
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The geometry model of this 2D channel is shown in Figure 9-3.

Since the channel was designed for the inviscid flow of an ideal gas, the ideal wall boundary
condition has been specified and the laminar only flow has been considered instead of turbulent.
The computed Mach number along the reference line and at the reference points (1-5) are

compared with the theoretical values in Figure 9-4.

Figure 9-3. The model for calculating the 2D supersonic flow in the 2D
convergent-divergent channel with Flow Simulation.

To obtain the most accurate results possible with Flow Simulation, the calculations have been
performed at result resolution level 6. The predicted Mach number at the selected channel
points (1-5) and along the reference line (see Figure 9-2), are presented in Table 9-1 and

Figure 9-4 respectively.
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Supersonic Flow in a 2D Convergent-Divergent Channel

Table 9-1. Mach number values predicted with Flow Simulation with

comparison to the theoretical values at the reference points

Point 1 2 3 4 5

X coordinate of point, m 0.0042 0.047 0.1094 0.155 0.1648
Y coordinate of point, m 0.0175 0.0157 0.026 0.026 0.0157
Theoretical M 3.000 2.427 1.957 2.089 2.365
FLOEFD prediction of M 3.000 24.29 19.65 2.106 2.380
Prediction error, % 0.0 0.1 0.4 0.8 0.6

From Table 9-1 and Figure 9-4 it can be seen that the Flow Simulation predictions are very

close to the theoretical values. In Figure 9-4 one can see that Flow Simulation properly predicts

the abrupt parameter changes when the stream passes through the shock and a fast parameter

change in the expansion fan.

Figure 9-4. Mach number values predicted with Flow Simulation along the
reference line (the reference points on it are marked by square boxes with

numbers) in comparison with the theoretical values.
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To show the full flow pattern, the predicted Mach number contours of the channel flow are

shown in Figure 9-5.
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Supersonic Flow in a 2D Convergent-Divergent Channel

Figure 9-5. Mach number contours predicted by Flow Simulation.
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This example illustrates that Flow Simulation is capable of capturing shock waves with a high
degree of accuracy. This high accuracy is possible due to the Flow Simulation solution adaptive
meshing capability. Solution adaptive meshing automatically refines the mesh in regions with
high flow gradients such as shocks and expansion fans.
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Chapter 10
Supersonic Flow over a Segmental Conic
Body

Now let us consider an external supersonic flow of air over a segmental conic body. The general
case is that the body is tilted at an angle of a with respect to the incoming flow direction.

The dimensions of the body whose longitudinal (in direction ¢, see Figure 10-1) and lateral (in
direction n) aerodynamic drag coefficients, as well as longitudinal (with respect to Z axis)
torque coefficient, were investigated in Ref. 1 are presented in Figure 10-2. They were
determined from the dimensionless body sizes and the Reynolds number stated in Ref. 1.

Figure 10-1. Supersonic flow over a segmental conic body.
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Supersonic Flow over a Segmental Conic Body

Figure 10-2. Model sketch dimensioned in centimeters.
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The model of this body is shown in Figure 10-3.

Figure 10-3. The geometry model for calculating the 3D flow over the 3D
segmental conic body with Flow Simulation.
L
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Supersonic Flow over a Segmental Conic Body

To compare the Flow Simulation predictions with the experimental data of Ref. 1, the
calculations have been performed for the case of incoming flow velocity of Mach number 1.7.
The undisturbed turbulent incoming flow has a static pressure of 1 atm, static temperature of

660.2 K, and turbulence intensity of 1%. The flow Reynolds number of 1.7- 10° (defined with
respect to the body frontal diameter) corresponds to these conditions, satisfying the Ref. 1
experimental conditions.

To compare the flow prediction with the experimental data of Ref. 1, the calculations have been
performed for the body tilted at o = 0°, 30°, 60°, 90°, 120°, 150° and 180° angles. To reduce the
computational resources, the Z = 0 flow symmetry plane has been specified in all of the

calculations. Additionally, the ¥ = 0 flow symmetry plane has been specified at o = 0° and 180°.

The calculations have been performed at result resolution level 6.
The comparison is performed on the following parameters:

¢ longitudinal aerodynamic drag coefficient,

E

C.=
S S
Ep[, 5

where F; is the aerodynamic drag force acting on the body in the # direction (see

Figure 10-1), pU?/2 is the incoming stream dynamic head, S is the body frontal cross
section (being perpendicular to the body axis) area;

e lateral aerodynamic drag coefficient,

C,=7 il
3 pU-5

where F, is the aerodynamic drag force acting on the body in the » direction (see

Figure 10-1), pU2/2 is the incoming stream dynamic head, S is the body frontal cross
section (being perpendicular to the body axis) area;

e on the longitudinal (with respect to Z axis) aerodynamic torque coefficient,

M.

m. =7
5 pL-SL
where M, is the aerodynamic torque acting on the body with respect to the Z axis (see

Figure 10-1), pU?/2 is the incoming stream dynamic head, S is the body frontal cross
section (being perpendicular to the body axis) area, L is the reference length.
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Supersonic Flow over a Segmental Conic Body

The calculation results compared with the experimental data from Ref. 1 are presented in
Figure 10-4 and Figure 10-5.

Figure 10-4. The longitudinal and lateral aerodynamic drag coefficients
predicted with Flow Simulation and measured in the experiments versus the
body tilting angle.
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From Figure 10-4, it is seen that the Flow Simulation predictions of both C, and C; are

excellent.

As for the longitudinal aerodynamic torque coefficient (m,) prediction, it is also close to the
experimental data of Ref. 1, especially if we take into account the measurements error.

Figure 10-5. The longitudinal aerodynamic torque coefficient predicted with
Flow Simulation and measured in the experiments versus the body tilting
angle.
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Supersonic Flow over a Segmental Conic Body

To illustrate the quantitative predictions with the corresponding flow patterns, the Mach number
contours are presented in Figure 10-6, Figure 10-7, and Figure 10-8. All of the flow patterns
presented on the figures include both supersonic and subsonic flow regions. The bow shock
consists of normal and oblique shock parts with the subsonic region downstream of the normal
shock. In the head subsonic region the flow gradually accelerates up to a supersonic velocity
and then further accelerates in the expansion fan of rarefaction waves. The subsonic wake
region past the body can also be seen.

Figure 10-6. Mach number contours at a = 0°.
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Supersonic Flow over a Segmental Conic Body

Figure 10-7. Mach number contours at a = 60°.
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Supersonic Flow over a Segmental Conic Body

Figure 10-8. Mach number contours at a = 90°.
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As the forward part becomes sharper, the normal part of the bow shock and the corresponding
subsonic region downstream of it become smaller. In the presented pictures, the smallest nose
shock (especially its subsonic region) is observed at a = 60°.
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Supersonic Flow over a Segmental Conic Body
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Chapter 11
Flow over a Heated Plate

Now let us consider a uniform 2D flows with a laminar boundary layer on a heated flat plate.

The incoming uniform air stream has a velocity of 1.5 m/s, a temperature of 293.2 K, and a
static pressure of 1 atm, see Figure 11-1. Thus, the flow Reynolds number defined on the

incoming flow characteristics and on the plate length of 0.31 m is equal to 3.1- 104, therefore the
boundary layer beginning from the plate’s leading edge is laminar (see Ref. 12).

Then, let us consider the following three cases:

o C(Case#1

The plate over its whole length (within the computational domain) is 10°C warmer than
the incoming air (303.2 K), both the hydrodynamic and the thermal boundary layer
begin at the plate's leading edge coinciding with the computational domain boundary;

o (Case#2

The upstream half of the plate (i.e. at x ~ 0.15 m) has a fluid temperature of 293.2 K, and
the downstream half of the plate is 10°C warmer than the incoming air (303.2 K), the
hydrodynamic boundary layer begins at the plate's leading edge coinciding with the
computational boundary;

o (Case#3

Plate temperature is the same as in case #1, the thermal boundary layer begins at the
inlet computational domain boundary, whereas the hydrodynamic boundary layer at the
inlet computational domain boundary has a non-zero thickness which is equal to that in
case #2 at the thermal boundary layer starting.

The calculation goal is to predict the local coefficient of heat transfer from the wall to the fluid,
as well as the local skin-friction coefficient.
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Flow over a Heated Plate

Figure 11-1. Laminar flow over a heated flat plate:
1 - computational domain, 2 - heated plate.

Vin=15m/s L

o 3 118881

T,=3032K

The geometry model used for calculating the 2D flow over the heated flat plate with Flow
Simulation is shown in Figure 11-2. The problem is solved as internal in order to avoid the
conflict situation when the external flow boundary with ambient temperature conditions
intersects the wall with a thermal boundary layer.

To avoid any influence of the upper wall on the flow near the heated lower wall, the ideal wall
boundary condition has been specified on the upper wall. To solve the internal problem, the
incoming fluid velocity is specified at the channel inlet, whereas the fluid static pressure is
specified at the channel exit. To specify the external flow features, the incoming stream's
turbulent intensity is set to 1% and the turbulent length is set to 0.01 m, i.e., these turbulent
values are similar to the default values for external flow problems.
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Figure 11-2. The geometry model used for calculating the 2D flow over heated
flat plate with Flow Simulation.

Ideal wall

The heat transfer coefficient / and the skin-friction coefficient Crare Flow Simulation output

flow parameters. The theoretical values for laminar flow boundary layer over a flat plate, in
accordance with Ref. 12 can be determined from the following equations:

kN
Ve

X

where

k is the thermal conductivity of the fluid,
x is the distance along the wall from the start of the hydrodynamic boundary layer,

Nu, is the Nusselt number defined on a heated wall as follows:

Niu,=0332-Pr'°Rel”
for a laminar boundary layer if it’s starting point coincides with the thermal boundary layer

starting point, and

0332-Pr'"Rel”
N, 07

Nu, =
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Flow over a Heated Plate

for a laminar boundary layer if the thermal boundary layer begins at point x lying downstream
of the hydrodynamic boundary layer starting point, in this case Nu, is defined at x > x, only;

HGy : : o . . .
where Pr = Tp is the Prandtl number, 4 is the fluid dynamic viscosity, C, is the fluid specific
pVx
heat at constant pressure, Re, = i 1s the Reynolds number defined on x, p is the fluid

density, and V is the fluid velocity;

o _0.661
# 7" JRe atRe,<5-10°, i.e., with a laminar boundary layer.

As for the hydrodynamic boundary layer thickness d needed for specification at the
computational domain boundary in case #3, in accordance with Ref. 12, it has been determined
from the following equation: & =4.64-x/Re’’, so d = 0.00575 m in this case. For these
calculations all fluid parameters are determined at the outer boundary of the boundary layer.

The Flow Simulation predictions of h and Cyperformed at result resolution level 7, and the

theoretical curves calculated with the formulas presented above are shown in Figure 11-3 and
Figure 11-4. It is seen that the Flow Simulation predictions of the heat transfer coefficient and
the skin-friction coefficient are in excellent agreement with the theoretical curves.

Figure 11-3. Heat transfer coefficient change along a heated plate in a laminar
boundary layer: Flow Simulation predictions compared to theory.
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Figure 11-4. Skin-friction coefficient change along a heated plate in a laminar

boundary layer: Flow Simulation predictions compared to theory.
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Chapter 12
Convection and Radiation in an Annular
Tube

We will now consider incompressible laminar flow in a portion of an annular tube, whose outer
shell is a heat source having constant heat generation rate O; with a heat-insulated outer surface,

and whose central body fully absorbs the heat generated by the tube’s outer shell (i.e. the
negative heat generation rate O, is specified in the central body).

The main dimensions of the annular tube are shown in Figure 12-1. The 3D tube model is
shown in Figure 12-2. We will assume that this tube is rather long, so the tube's L = 1 m portion
under consideration has fully developed fluid velocity and temperature profiles at the inlet, and,
since the fluid properties are not temperature-dependent, the velocity profile also will not be
temperature-dependent.

Figure 12-1. Laminar flow in a heated annular tube.

VAL S SIS IS5
LSS SIS IS I

Ye¥

Im

SOLIDWORKS Flow Simulation, 2025 77



Convection and Radiation in an Annular Tube

Figure 12-2. A model created for calculating 3D flow within a heated annular
tube using Flow Simulation.

To validate the Flow Simulation capability for solving conjugate heat transfer problems both
with and without radiation, let us solve the following three problems:

1. a conjugate heat transfer problem with convection only,
2. radiation heat transfer only problem, and
3. aconjugate heat transfer problem with both convection and radiation.

In the first problem we specify O, = -0, so the convective heat fluxes at the tube inner and
outer walls are constant along the tube. The corresponding laminar annular pipe flow's fully
developed velocity and temperature profiles, according to Ref. 12, are expressed analytically as
follows:
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Convection and Radiation in an Annular Tube

A

g~ o
T()=T,-Lrin = |

)

o=

where h ! h ,

u is the fluid velocity,

T is the fluid temperature,

r is the radial coordinate,

rq and r, are the tube outer shell’s inner radius and tube’s central body radius, respectively,

i is the volume-average velocity, defined as the volume flow rate divided by the tube cross-
section area,

g, 1s the heat flux from the fluid to the tube’s central body,

k is the fluid thermal conductivity,

T is the surface temperature of the central body.

The heat flux from the fluid to the tube's central body (negative, since the heat comes from the
fluid to the solid) is equal to

A eT 0,
150 — | P
cr o

Let O =-0, =107.235 W and &= 13.59 m/s (¢ =-10 m/s), the fluid has the following
properties: k= 0.5 W/(m-K), C, =500 J/(kg-K), 1 = 0.002 Pa-s, p = 0.1 kg/m3. Since the
corresponding (defined on the equivalent tube diameter) Reynolds number Re; = 815 is rather

low, the flow has to be laminar. We specify the corresponding velocity and temperature profiles
as boundary conditions at the model inlet and as initial conditions, and P,,, = 1 atm as the tube

outlet boundary condition.

To reduce the computational domain, let us set Y= 0 and X' = 0 flow symmetry planes
(correspondingly, the specified Q; and Q, values are referred to the tube section's quarter lying

in the computational domain). The calculation have been performed at Result Resolution
Level 6.

The fluid temperature profile predicted at 0.75 m from the tube model inlet is shown in
Figure 12-3 together with the theoretical curve.
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Figure 12-3. Fluid temperature profiles across the tube in the case of
convection only, predicted with Flow Simulation and compared to the
theoretical curve.
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It is seen that this prediction practically coincides with the theoretical curve.

Before solving the third problem coupling convection and radiation, let us determine the
radiation heat fluxes between the tube's outer and inner walls under the previous problem's wall
temperatures. In addition to holding the outer shell's temperature at 450 K and the central body's
temperature at 300 K as the volume sources, let us specify the emissivity of &; = 0.95 for the

outer shell and ¢, = 0.25 for the central body. To exclude any convection, let us specify the
liquid velocity of 0.001 m/s and thermal conductivity of 10-20 W/(m-K).

Let J, denote the radiation rate leaving the central body, and G, denotes the radiation rate
coming to the central body, therefore Q,,. = J, — G, (the net radiation rate from the central
body). In the same manner, let J; denote the radiation rate leaving the outer shell's inner surface,
and G denote the radiation rate coming to the outer shell's inner surface, therefore Oy, =J; —
G (the net radiation rate from the outer shell's inner surface). These radiation rates can be
determined by solving the following equations:

J, = Ay06,T5 + G(1 —&5) ,

Gy = lel—z >

J, = Awoe T+ G (1—¢),

Gy =J,F, +]F

1" -2 »
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where o = 5.669-10"8 W/(m?K?) is the Stefan-Boltzmann constant, F 1.2, F5.1, Fj.1 are these

surfaces' radiation shape factors, under the assumption that the leaving and incident radiation
fluxes are uniform over these surfaces, Ref. 12 gives the following formulas:

F i [ ccoso - ([_42+4.4 4X° + 4) " arce 2+ B arcsin= mq)]
1-2 _X X arccos o7 HILLEJ.':AX HIL.':!IIX ,

A 2

1 2 2(x%—1)%s
Fiiy=1-—+—arctan——— —

X X

. ¥y®
Y |(4x2+v%)%s 4(x*-1) +(J—{) (¥*-2) (X*=2) m[(4x>+Y?)"5
- arcsin 5 5 — arcsin —+ = -1
2nX ¥ Yo+ 4(X° —-1) Xe 2 ¥

Fy. = Fyy'A1/A,, where X = r(/ry, Y= Liry, A= X*+Y*~1, B= Y>~X*+1.

These net and leaving radiation rates (over the full tube section surface), both calculated by
solving the equations analytically and predicted by Flow Simulation at Result Resolution
Level 6, are presented in Table 12-1.
Table 12-1. Radiation rates predicted with Flow Simulation with comparison
to the theoretical values.

Parameter | Theory (Ref. 12), W | Calculated Value, W | Prediction Error, %
0,, -383.77 -388.30 1.2%

Iy, 1728.35 1744.47 0.9%

01, 4003.68 3931.87 -1.8%

Ji, 8552.98 8596.04 0.5%

It is seen that the prediction errors are quite small. To validate the Flow Simulation capabilities
on the third problem, which couples convection and radiation, let us add the theoretical net
radiation rates, O, and O,, scaled to the reduced computational domain, i.e., divided by 4, to

the O; and Q, values specified in the first problem. Let us specify O; = 1108.15 W and O, =—

203.18 W, so theoretically we must obtain the same fluid temperature profile as in the first
considered problem.

The fluid temperature profile predicted at 0.75 m from the tube model inlet at the Result
Resolution Level 6 is shown in Figure 12-4 together with the theoretical curve. It is seen that
once again this prediction virtually coincides with the theoretical curve.
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Figure 12-4. Fluid temperature profiles across the tube in the case coupling
convection and radiation, predicted with Flow Simulation and compared to the
theoretical curve.
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Chapter 13
Pin-fin Heat Sink Cooling by Natural
Convection

A heat sink is a passive heat exchanger that transfers the heat generated by an electronic or a
mechanical device to a fluid medium, often air or a liquid coolant, where it is dissipated away
from the device, thereby allowing regulation of the device's temperature. Heat sinks play an
important role in electronics cooling. In computers, heat sinks are used to cool CPUs, GPUs,
and some chipsets and RAM modules. Heat sinks are used with high-power semiconductor
devices such as power transistors and optoelectronics such as lasers and light emitting diodes
(LEDs), where the heat dissipation ability of the component itself is insufficient to moderate its
temperature.

Following the experimental work presented in Ref. 29 and numerical study presented in Ref. 2,
let us consider heat transfer from an electrically heated thermofoil which is mounted flush on a
plexiglass substrate, coated by an aluminum pin-fin heat sink with a 9x9 pin fin array, and
placed in a closed plexiglass box. In order to create more uniform ambient conditions for this
box, it is placed into another, bigger, plexiglass box and attached to the heat-insulated thick
wall, see Figure 13-1 and Figure 13-2. Heat sink and enclosure geometry with their main
dimensions is shown in Figure 13-1, where 1 - smoke inlet, 2 - enclosure under study
(plexiglass), 3 - external enclosure (plexiglass), 4 - insulation, 5 - opening, 6 - substrate, 7 - heat
sink, 8 - heat source (/., X [, X h,). The dimension values are set as follows: length of
component /., = L = 25.4 mm, thickness of component /., = 0.861 mm, height of the pin

H,, = 5.5 mm, height of the substrate board H}, = 1.75 mm, size of the pin S, = 1.5 mm, pin
spacing Sy, = L/8, length of enclosure L = 127 mm, height of enclosure # = 41.3 mm, thickness
of enclosure wall /,, = 6.35 mm, ratio between opening area and the top wall area (L x L)

S, =0, 0.4. Following Ref. 29, let us consider the vertical position of these boxes, as it is shown
in Figure 13-1 (c) (here, the gravity acts along the Y axis).
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Figure 13-1. The pin-fin heat sink nestled within two plexiglass boxes: (a) pin
array, (b) pin size and pitch, (c) external enclosure, (d) internal enclosure.
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The corresponding model used in the calculations is shown in Figure 13-2. In this model's
coordinate system the gravitational acceleration vector is directed along the X axis. The
computational domain envelopes the outer surface of the external box, and the Z = 0 symmetry
plane is used to reduce the required computer resources.
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Figure 13-2. A model created for calculating the heat transfer from the pin-fin
heat sink through the two nested boxes into the environment: (a) the internal
(smaller) box with the heat sink; (b) the whole model.

According to Ref. 29, both the heat sink and the substrate are coated with a special black paint
to provide a surface emissivity of 0.95 (the other plexiglass surfaces are also opaque, diffuse
and gray, but have an emissivity of 0.83).

The maximum steady-state temperature 7,

max Of the thermofoil releasing the heat of known

power O was measured. The constant ambient temperature 7, was measured at the upper corner
of the external box. As a result, the value of

was determined at various Q (in the 0.1...1 W range).

The ambient temperature is not presented in Ref. 29, so, proceeding from the suggestion that the
external box in the experiment was placed in a room, we have varied the ambient temperature in
the relevant range of 15...22°C. Since R;, is governed by the temperature difference 7, — T,
(i.e. presents the two boxes’ thermal resistance), the ambient temperature range only effects the
resistance calculations by 0.6°C/W at Q =1 W, (i.e. by 1.4% of the experimentally determined

R;, value that is 43°C/W). As for the boundary conditions on the external box’s outer surface,

we have specified a heat transfer coefficient of 5.6 W/m?-K estimated from Ref. 17 for the
relevant wind-free conditions and an ambient temperature lying in the range of 15...22°C
(additional calculations have shown that the variation of the constant ambient temperature on
this boundary yield nearly identical results). As a result, at O = 1 W (the results obtained at the
other Q values are shown in Ref. 2) and 7, = 20°C we have obtained R;, = 41°C/W, i.c. only

5% lower than the experimental value.
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The flow streamlines visualized in Ref. 29 using smoke and obtained in the calculations are
shown in Figure 13-3.
Figure 13-3. Flow streamlines visualized by smoke in the experiments (left) and

obtained in the calculations (colored in accordance with the flow velocity
values) (right).
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Chapter 14

Plate Fin Heat Sink Cooling by Forced
Convection

This validation example demonstrates Flow Simulation capabilities to simulate forced air
cooling of plate fin heat sink placed in a wind tunnel.

The calculations are based on the experimental results from Ref. 15, where several flow regimes
were considered.

Heat sink geometry with its main dimensions is shown in Figure 14-1. The dimension values
were set as follows: fin height (H) of 10 mm, thickness of 1.5 mm and fin-to-fin distance (d) of
5 mm while the heat sink width (B) and length were 52.8 mm and the base thickness was 3 mm.
The wind tunnel width (CB), height (CH) and length were 160 mm, 15 mm and 200 mm
respectively.

Figure 14-1. Geometry model of the heat sink.

The model of heat sink is made of solid aluminum (thermal conductivity 200 W/(m-K)). It is
heated by MINCO Thermofoil™ electrical heater with a heat load of 10 W. The bottom of the
heated foil is insulated with a 25 mm Polystyrene brick (thermal conductivity 0.033 W/(m-K)).
The heat sink is placed in a rectangular wind tunnel duct with the walls made of Plexiglass
(thermal conductivity 0.2 W/(m'K)). It is mounted in such a way that the fin base is flush with
the duct wall as shown in Figure 14-2.
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Figure 14-2. Vertical cut view of heat sink: (1) heat sink, (2) thermocouple,
(3) electrically heated foil, (4) insulation, (5) bottom of wind tunnel.
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The performance of the heat sink is estimated by a thermal resistance defined as:

where T, is the temperature of the heat sink base, 7|, is the temperature at the wind tunnel inlet
and q is the total power input of the heat source (10 W). In Ref. 15, the 7}, value was measured

by averaging the reading of four thermocouples (two of them can be seen in Figure 14-2) placed
symmetrically at the corners of the heat sink base.

Table 14-1 shows air inlet flow conditions specified for the calculations, inlet temperature is
constant and equal 20°C. To perform the calculations, five cases are considered, each with a
different inlet velocity u;, that was determined as follows:

) I
. =—
B |
where 4 = 24 cm? is the wind tunnel cross sectional area; 1~ is the volumetric air flow rate at
standard conditions defined as

2w r.-"_.:
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where w is the average air velocity; Az, = 1.4 cm? is the front area of the fins; Reg, 1s the
Reynolds duct number; d, is the hydraulic diameter of the wind tunnel; x is the dynamic
viscosity of air; p is the density of air.

Table 14-1. Inlet boundary conditions.

Case Ujp, m/s Regn
1 0.903 1740
2 1.287 2480
3 1.583 3050
4 1.899 3660
5 3.633 7000

The outlet static pressure is set to 1 atm.

The heat exchange between the outer duct surfaces and the ambient medium with the
temperature of 20°C is defined by a Newton's law of cooling with the heat-transfer coefficient

of 3 W/m%K.

Since the geometry model has a symmetry plane, only a half of the model is used to generate the
computational mesh.

The automatically generated mesh with RRL = 3 contained approximately 26 000 cells for
cases 1-4 and with RRL =5 contained approximately 109 000 cells for case 5. Figure 14-3
shows the mesh generated in the fluid region in one of the heat sink cross-sections. One can see
that there only about 3-4 cells generated between two adjacent fins.

Figure 14-3. The computational mesh (cases 1-4).

The values of thermal resistances predicted by Flow Simulation and the corresponding values
measured experimentally from Ref. 15 are shown in Figure 14-4. According to this plot, the
difference between the calculations and the experimental measurements is less than 10%.
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Figure 14-4. Thermal resistance of the Heat Sink versus Reynold number in
comparison with the experimental data.
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This indicates that the sufficient accuracy of the results is maintained even on a coarse mesh
generated inside the narrow channels.
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Chapter 15
Unsteady Heat Conduction in a Solid

To validate heat conduction in solids (i.e., a conjugate heat transfer), let us consider unsteady
heat conduction in a solid.

To compare the Flow Simulation predictions with the analytical solution (Ref. 12), we will
solve a one-dimensional problem.

A warm solid rod having the specified initial temperature and the heat-insulated side surface
suddenly becomes and stays cold (at a constant temperature of 7, = 300 K) at both ends (see

Figure 15-1). The rod inner temperature evolution is studied. The constant initial temperature
distribution along the rod is considered: 7;,;(x) = 350 K.

Figure 15-1. A warm solid rod cooling down from an initial temperature to the
temperature at the ends of the rod.
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The problem is described by the following differential equation:

&'T _ pPC,eT

c” k or

where p, C,, and k are the solid material density, specific heat, and thermal conductivity,
respectively, and ¢ is the time, with the following boundary condition: 7= Tjy at x = 0 and at
x=L.

In the general case, i.e., at an arbitrary initial condition, the problem has the following solution:

= CnxV ok (nme)
T:T3+Tl’__‘, exp, — F—' “ lsin ?—'
= | UL p(_'*_: A

where coefficients C, are determined from the initial conditions (see Ref. 12).
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With the uniform initial temperature profile, according to the initial and boundary conditions,
the problem has the following solution:

23 Cap - ) i 22 K]
Tmn | L) pC, | L i

=

Lid

00+350

To perform the time-dependent analysis with Flow Simulation, a geometry model representing
a solid parallelepiped with dimensions 1 x 0.2 x 0.1 m has been created (see Figure 15-2).

Figure 15-2. The geometry model used for calculating heat conduction in a
solid rod with Flow Simulation (the computational domain envelopes the rod).

The evolution of maximum rod temperature, predicted with Flow Simulation and compared
with theory, is presented in Figure 15-3. The Flow Simulation prediction has been performed at
result resolution level 5. One can see that it coincide with the theoretical curve.
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Figure 15-3. Evolution of the maximum rod temperature, predicted with Flow
Simulation and compared to theory.
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The temperature profiles along the rod at different time moments, predicted by Flow
Simulation, are compared to theory and presented in Figure 15-4.

One can see that the Flow Simulation predictions are very close to the theoretical profiles. The
maximum prediction error not exceeding 2 K occurs at the ends of the rod and is likely caused
by calculation error in the theoretical profile due to the truncation of Fourier series.

Figure 15-4. Evolution of the temperature distribution along the rod, predicted
with Flow Simulation and compared to theory.
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Chapter 16
Tube with Hot Laminar Flow and Outer Heat

Transfer

Let us now consider an incompressible laminar flow of hot fluid through an externally cooled
circular tube.

The fluid flow has fully developed velocity and temperature profiles at the tube inlet, whereas
the heat transfer conditions specified at the tube outer surface surrounded by a cooling medium
sustain the self-consistent fluid temperature profile throughout the tube. The geometry model is
shown in Figure 16-1.

Figure 16-1. Laminar flow in a tube cooled externally: (1) liquid, (2) polystyrene.
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In accordance with Ref. 12, a laminar tube flow with a fully developed velocity profile has a
self-consistent fully developed temperature profile if the following two conditions are satisfied:
the fluid's properties are temperature-independent and the heat flux from the tube inner surface
to the fluid (or vise versa) is constant along the tube. These conditions provide the following
fully developed tube flow temperature profile:

Trzl=Tlr=0z==z_]-

where
T is the fluid temperature,

r 1s a radial coordinate (» = 0 corresponds to the tube axis, = R; corresponds to the tube inner
surface, i.e., R; is the tube inner radius),
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z is an axial coordinate (z = z;,, corresponds to the tube inlet),
q,, 1s a constant heat flux from the fluid to the tube inner surface,

k is the fluid thermal conductivity,
p is the fluid density,

C,, is the fluid specific heat under constant pressure,

U4, 18 the maximum fluid velocity of the fully developed velocity profile:

r |

R,

i
ulr)=u,,. 1- !

Since the tube under consideration has no heat sinks and is cooled by surrounding fluid
medium, let us assume that the fluid medium surrounding the tube has certain fixed temperature

Te, and the heat transfer between this medium and the tube outer surface is determined by a
specified constant heat transfer coefficient a,.

By assuming a constant thermal conductivity of the tube material, k,, specifying an arbitrary a,,
and omitting intermediate expressions, we can obtain the following expression for 7,:

3 1 1, R)
T.(:)=T(=0.2=2,)-qR| —+— ——In"" |+
: ¢ R Ty S -

4g,-1z—z2.)
pCu, R,

where R, is the tube outer radius.

In the validation example under consideration (Figure 16-2) the following tube and fluid
characteristics have been specified: R; = 0.05 m, R, =0.07 m, z - z;,, = 0.1 m, the tube material

is polystyrene with thermal conductivity k£, = 0.082 W/(m-K), u,,,,. = 0.002 m/s,
T(r=0,z=z,)=363K, q,=147.56 W/m?, k= 0.3 W/(mK), C, = 1000 J/(kg'K), fluid

dynamic viscosity x = 0.001 Pa-s, p = 1000 kg/m3 (these fluid properties provide a laminar flow
condition since the tube flow Reynolds number based on the tube diameter is equal to
Re;=100). The T(r, z;,) and u(r) profiles at the tube inlet, the T,(z) distribution along the tube,

a, =5 W/(m*>K), and tube outlet static pressure P,,,= 1 atm have been specified as the

boundary conditions.

The inlet flow velocity and temperature profiles have been specified as the initial conditions
along the tube.

To reduce the computational domain, the calculations have been performed with the ¥ = 0 and
X =0 flow symmetry planes. The calculations have been performed at result resolution level 7.
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The fluid and solid temperature profiles predicted at z = 0 are shown in Figure 16-3 together
with the theoretical curve. It is seen that the prediction practically coincides with the theoretical
curve (the prediction error does not exceed 0.4%).

Figure 16-2. The model used for calculating the 3D flow and the conjugate heat
transfer in the tube with Flow Simulation: (1) sketch line for temperature profile
determination, (2) computational domain.

(2)
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Figure 16-3. Fluid and solid temperature profiles across the tube, predicted
with Flow Simulation and compared with the theoretical curve.
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Chapter 17
Flow over a Heated Cylinder

Let us now return to the earlier validation example of incompressible flow over a cylinder and
modify it by specifying a heat generation source inside the cylinder.

The cylinder is placed in an incoming air stream and will acquire certain temperature depending
on the heat source power and the air stream velocity and temperature. The geometry model is
shown in Figure 17-1.

Figure 17-1. 2D flow over a heated cylinder.

Y
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Based on experimental data for the average coefficient of heat transfer from a heated circular
cylinder to air flowing over it (see Ref. 12), the corresponding Nusselt number can be
determined from the following formula:

Nip =C-(Re, )" -Pr'f

where constants C and » are taken from the Table 17-1 below.
Table 17-1. Constants for use with Nusselt equation.

Rep C n

04-4 0.989 0.330
4-40 0911 0.385
40 — 4000 0.683 0.466
4000 —40 000 0.193 0.618
40 000 — 400 000 | 0.0266 0.805

Here,
the Nusselt number, Nup, = (h-D)/k (where & is the heat transfer coefficient averaged over the
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cylinder, and £ is fluid thermal conductivity),

the Reynolds number, Rep, = (U-D)/u (where U is the incoming stream velocity, and x is fluid
dynamic viscosity), and

the Prandtl number, Pr = u-C,/k (where  is fluid dynamic viscosity, C, is fluid specific heat at
constant pressure, and £ is fluid thermal conductivity) are based on the cylinder diameter D and
on the fluid properties taken at the near-wall flow layer. According to Ref. 12, Pr=0.72 for the
entire range of Rep,.

To validate the Flow Simulation predictions, the air properties have been specified to provide

Pr=0.72: k=0.0251375 W/(m'K), u = 1.8:107 Pas, specific heat at constant pressure
C, = 1005.5 J/(kgK). Then, the incoming stream velocity, U, has been specified to obtain

Rep =1, 10, 100, 103, 10%, 5-10%, 10°, 2:10°, and 3-10° for a cylinder diameter of D = 0.1 m
(see Figure 17-1).

This validation approach consists of specifying the heat generation source inside the cylinder
with a power determined from the desired steady-state cylinder temperature and the average
heat transfer coefficient, 7 = (Nup'k)/D. Nup, is determined from the specified Rej, using the

empirical formula presented above. The final cylinder surface temperature, that is also required
for specifying the heat source power Q (see Table 17-2) is assumed to be 10°C higher than the

incoming air temperature. The initial cylinder temperature and the incoming air temperature are
equal to 293.15 K. The cylinder material is aluminum. Here, the heat conduction in the solid is
calculated simultaneously with the flow calculation, i.e., the conjugate heat transfer problem is
solved.

As a result of the calculation, the cylinder surface has acquired a steady-state temperature
differing from the theoretical one corresponding to the heat generation source specified inside
the cylinder. Multiplying the theoretical value of the Nusselt number by the ratio of the obtained
temperature difference (between the incoming air temperature and the cylinder surface
temperature) to the specified temperature difference, we have determined the predicted Nusselt
number versus the specified Reynolds number. The values obtained by solving the steady-state
and time dependent problems at result resolution level 5 are presented in Figure 17-2 together
with the experimental data taken from Ref. 12.

Table 17-2. The Flow Simulation specifications of U and Q for the problem
under consideration.

Rep U, m/s QW
1 15104 0.007
10 151073 0.016
102 0.015 0.041
103 0.15 0.121
104 1.5 0.405

100 SOLIDWORKS Flow Simulation, 2025



Flow over a Heated Cylinder

Table 17-2. The Flow Simulation specifications of U and Q for the problem
under consideration. (cont.)

Rep

U, m/s

QW

10°

15

1.994

From Figure 17-2, it is seen that the predictions made with Flow Simulation, both in the time-
dependent approach and in the steady-state one, are excellent within the whole Rej, range under

consideration.

Figure 17-2. Nusselt number for air flow over a heated cylinder: Flow
Simulation predictions and the experimental data.
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Chapter 18
Natural Convection in a Square Cavity

This validation example demonstrates Flow Simulation capabilities to simulate natural
convection. Natural convection has attracted a great deal of attention from researchers because
of its presence both in nature and engineering applications. In nature, convection cells formed
from air raising above sunlight-warmed land or water are a major feature of all weather systems.
In engineering applications, convection is commonly visualized in the formation of
microstructures during the cooling of molten metals, and fluid flows around shrouded heat-
dissipation fins, and solar ponds. A very common industrial application of natural convection is
free air cooling without the aid of fans.

Here we will consider a 2D square cavity with a steady-state natural convection, for which a
highly-accurate numerical solution has been proposed in Ref. 7 and used as a benchmark for
about 40 computer codes in Ref. §, besides it well agrees with the semi-empirical formula
proposed in Ref. 10 for rectangular cavities. This cavity's configuration and imposed boundary
conditions, as well as the used coordinate system, are presented in Figure 18-1. Here, the left
and right vertical walls are held at the constant temperatures of 7 = 305 K and 7, = 295 K,

accordingly, whereas the upper and bottom walls are adiabatic. The cavity is filled with air.

Figure 18-1. An enclosed 2D square cavity with natural convection.
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The square cavity's side dimension, L, is varied within the range of 0.0111...0.111 m in order to

vary the cavity's Rayleigh number within the range of 103...10°. Rayleigh number describes the
characteristics of the natural convection inside the cavity and is defined as follows:

B-g-p-C,-I'-AT

fo- i

Ra
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where £ =7 is the volume expansion coefficient of air,

g is the gravitational acceleration,

C,, is the air's specific heat at constant pressure,

AT =T, — T, = 10 K 1s the temperature difference between the walls,
k is the thermal conductivity of air,

u is the dynamic viscosity of air.

The cavity's model is shown in Figure 18-2.

Figure 18-2. The model created for calculating the 2D natural convection flow in
the 2D square cavity using Flow Simulation.

Due to gravity and different temperatures of the cavity's vertical walls, a steady-state natural
convection flow (vortex) with a vertical temperature stratification forms inside the cavity. The

Ra =10 flow's prediction performed with Flow Simulation is shown in Figure 18-3.

104 SOLIDWORKS Flow Simulation, 2025

Note - Viewing PDF files within a web browser causes some links not to function. Use HTML for full navigation.



Natural Convection in a Square Cavity

Figure 18-3. The parameters distributions predicted by Flow Simulation in the
square cavity at Ra = 10°: (a) temperature, (b) X-velocity, (c) Y-velocity,
(d) velocity vectors, and (e) streamlines.
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A quantitative comparison of the Flow Simulation predictions performed at result resolution

level 8 with Ref. 7, Ref. 8 (computational benchmark) and Ref. 10 (semi-empirical formula) for

different Ra values is presented in Figure 18-4 - Figure 18-6. The Nusselt number averaged

over the cavity's hot vertical wall (evidently, the same value must be obtained over the cavity's
D - L

cold vertical wall) Nt = ‘j._j" i, where q,, 4, is the heat flux from the wall to the fluid,

averaged over the wall, is considered in Figure 18-4.

Here, the dash line presents the Ref. 10 semi-empirical formula:

Nu, =028 -Ra"*(L/Dy"",

where D is the distance between the vertical walls and L is the cavity height (D = L in the case
under consideration). One can see that the Flow Simulation predictions practically coincide

with the benchmark at Ra < 10° and are close to the semi-empirical data.
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Natural Convection in a Square Cavity

Figure 18-4. The average sidewall Nusselt number vs. the Rayleigh number.
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The dimensionless velocities of the natural convection flow in the X and Y directions,
lef'-L-C‘F-p I?zV-L-CF-p

k and k (which are maximum along the cavity's mid-planes,

i.e., U, along the vertical mid-plane and ¥,... along the horizontal mid-plane) are considered

x ¥

T=— T == .
7 and © 1, of these maximums'

in Figure 18-5. The dimensionless coordinates,

locations (i.e., ¥ for Emn- and ¥ for V,..) are presented in Figure 18-6. One can see that the
Flow Simulation predictions of the natural convection flow's local parameters are fairly close to
the benchmark data at Ra < 10°.
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Figure 18-5. Dimensionless maximum velocities vs. Rayleigh number.
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Figure 18-6. Dimensionless coordinates of the maximum velocities' locations.
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Chapter 19
Particles Trajectories in Uniform Flows

Let us now consider the Flow Simulation capability to predict particles trajectories in a gas
flow (i.e. two-phase flow of fluid + liquid droplets or solid particles).

In accordance with the particles motion model accepted in Flow Simulation, particle
trajectories are calculated after completing a fluid flow calculation (which can be either steady
or time-dependent). That is, the particles mass and volume flow rates are assumed substantially
lower than those of the fluid stream, so that the influence of particles’ motions and temperatures
on the fluid flow parameters is negligible, and motion of the particles obeys the following
equation:

T, AV =T, =T,
m{ = =_,ﬂ_,( - 'J) - - C:“'i‘i'j:f

Pels 2

where m is the particle mass, ¢ is time, Vp and Vfare the particle and fluid velocities (vectors),

accordingly, pris the fluid density, Cy is the particle drag coefficient, 4 is the particle frontal
surface area, and F, is the gravitational force.

Particles are treated as non-rotating spheres of constant mass and specified (solid or liquid)
material, whose drag coefficient is determined from Henderson’s semi-empirical formula
(Ref. 11). At very low velocity of particles with respect to carrier fluid (i.e., at the relative
velocity’s Mach number M — 0) this formula becomes:

24 412 )
'l L= —+ + .38
9 Re 1+0.03-Re+048 Re

where Reynolds number is defined as:

PV =7, |
M

d is the diameter of particles, and y is the fluid dynamic viscosity.

Re =

To validate Flow Simulation, let us consider three cases of injecting a particle perpendicularly
into an incoming uniform flow, Figure 19-1. Since both the fluid flow and the particle motion in
these cases are 2D (planar), we will solve a 2D (i.e. in the XY-plane) flow problem.
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Figure 19-1. Injection of a particle into a uniform fluid flow.
—
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Due to the same reason as in the previous validation examples with flow over flat plates, we will
solve this validation as an internal problem. The corresponding geometry model is shown in
Figure 19-2. Both of the walls are ideal, the channel has length of 0.233 m and height of 0.12 m,
all the walls have thickness of 0.01 m. We specify the uniform fluid velocity V;,, the fluid

m>
temperature of 293.2 K, and the default values of turbulent flow parameters with the laminar
boundary layer at the channel inlet, and the static pressure of 1 atm at the channel outlet. All the
fluid flow calculations are performed at a result resolution level of 5.

Figure 19-2. The model geometry: (1) inlet, (2) origin and particle injection
point, (3) outlet, (4) ideal wall.

To validate calculations of particles trajectories by comparing them with available analytical
solutions of the particle motion equation, we consider the following three cases:

1. the low maximum Reynolds number of Re,,,, = 0.1
(air flow with V;, = 0.002 m/s, gold particles of d = 0.5 mm, injected at the velocity of
V, = 0.002 m/s perpendicularly to the wall),
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2. the high maximum Reynolds number of Re,,,, = 10°
(water flow with V;,, = 10 m/s, iron particles of d = 1 cm, injected at the velocities of
V,=1,2, 3 m/s perpendicularly to the wall),

3. anparticle trajectory in the Y-directed gravitational field
(gravitational acceleration g, = -9.8 m/s’, air flow with V;, = 0.6 m/s, an iron particle of
d =1 cm, injected at the velocity of ¥, = 1.34 m/s at the angle of 63.440 with the wall).

In the first case, due to small Re values, the particle drag coefficient is close to C; = 24/Re (i.e.,

obeys the Stokes law). Then, neglecting gravity, we obtain the following analytical solution for
the particle trajectory:

p, 18
X = X|_ 4V, 1+ 2| ~Va)-exp(——ee)
o TV TR &,
p, 18
}'(r)=}'|_ _—T'ﬁ.-r—{ - (1’| =T exp(—— a r)
e 184 & k=0 4 d°

where fo, Vpx, Vﬁ,, pr are the X- and Y-components of the fluid and particle velocities,
accordingly, p,, is the particle material density. The Flow Simulation calculation and the

analytical solution are shown in Figure 19-3. It is seen that they are very close to one another.
Special calculations have shown that the difference is due to the Cp, assumptions only.

Figure 19-3. Particle trajectories in a uniform fluid flow at Re,,,, = 0.1, predicted
by Flow Simulation and obtained from the analytical solution.
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In the second case, due to high Re values, the particle drag coefficient is close to C; = 0.38.

Then, neglecting the gravity, we obtain the following analytical solution for the particle
trajectory:

2l naz

X(O) = X| 4V 142, V) -(1+ 22222
o . 0.2831{} S P J J{}__’{?l
2l naz

F()=T| 47, 1+ 2| 7)1+ 2252
[ g wh 0-2831{} Ll | o J{}f{?l

The Flow Simulation calculations and the analytical solutions for three particle injection
velocities, pr(t =0)=1, 2, 3 m/s, are shown in Figure 19-4. It is seen that the Flow Simulation
calculations coincide with the analytical solutions. Special calculations have shown that the
difference is due to the Cp assumptions only.

In the third case, the particle trajectory is governed by the action of the gravitational force only,
the particle drag coefficient is very close to zero, so the analytical solution is:

F =T g +Vp)_
The Flow Simulation calculation and the analytical solution for this case are presented in

Figure 19-5. It is seen that the Flow Simulation calculation coincides with the analytical
solution.

Figure 19-4. Particle trajectories in a uniform fluid flow at Re,,, = 105,
predicted by Flow Simulation and obtained from the analytical solution.
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Figure 19-5. Particle trajectories in the Y-directed gravity, predicted by Flow
Simulation and obtained from the analytical solution.|
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Chapter 20
Porous Screen in a Non-uniform Stream

Let us now validate the Flow Simulation capability to calculate fluid flows through porous
media.

Here, following Ref. 14, we consider a plane cold air flow between two parallel plates, through
a porous screen installed between them, see Figure 20-1. At the channel inlet the air stream
velocity profile is step-shaped (specified). The porous screen (gauze) levels this profile to a
more uniform profile. This effect depends on the screen drag, see Ref. 14.

Figure 20-1. Leveling effect of a porous screen (gauze) on a non-uniform
stream: (1) air stream, (2) porous screen.

The geometry model used for calculating the 2D (in XY-plane) flow is shown in Figure 20-2.
The channel has height of 0.15 m, the inlet (upstream of the porous screen) part of the 0.3 m
length, the porous screen of the 0.01 m thickness, and the outlet (downstream of the porous
screen) part of the 0.35 m length. All the walls have thickness of 0.01 m.
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Figure 20-2. The geometry model used for calculating the 2D flow between two
parallel plates and through the porous screen with Flow Simulation.

Following Ref. 14, we consider porous screens (gauzes) of different drag, {:

z=0.95,1.2,2.8, and 4.1, defined as:

. 2AFP
= _pl.-":

where AP is the pressure difference between the screen sides, g = p V2/2 is the dynamic pressure
(head) of the incoming stream.

Since in Flow Simulation a porous medium’s resistance to flow is characterized by parameter
k = -gradP/pV, then for the porous screens k = V-{/(2L), where V is the fluid velocity, L is the
porous screen thickness. In Flow Simulation, this form of a porous medium’s resistance to flow
is specified as k = (A-V+B)/p, so A = p-{/(2L), B = 0 for the porous screens under consideration.
Therefore, taking L =0.01 mand p = 1.2 kg/m3 into account, we specify 4 =57, 72, 168, and

246 kg/m4 for the porous screens under consideration. In accordance with the screens’ nature,
their permeability is specified as isotropic.
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According to the experiments presented in Ref. 14, the step-shaped velocity profiles V(Y)
presented in Figure 20-3 have been specified at the model inlet. The static pressure of 1 atm has
been specified at the model outlet.

Figure 20-3. Inlet velocity profiles.
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The air flow dynamic pressure profiles at the 0.3 m distance downstream from the porous
screens, both predicted by Flow Simulation at result resolution level 5 and measured in the
Ref. 14 experiments, are presented in Figure 20-4 for the {= 0 case (i.e., without screen) and
Figure 20-5-Figure 20-8 for the porous screens of different (.

It is seen that the Flow Simulation predictions agree well, both qualitatively and quantitatively,
with the experimental data both in absence of a screen and for all the porous screens (gauzes)
under consideration, demonstrating the leveling effect of the gauze screens on the step-shaped
incoming streams. The prediction error in the dynamic pressure maximum does not exceed
30%.
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Figure 20-4. The dynamic pressure profiles at { = 0, predicted by Flow
Simulation and compared to the experiments.
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Figure 20-5. The dynamic pressure profiles at { = 0.95, predicted by Flow
Simulation and compared to the experiments.

]
a (Pa) — Calculation

250 —&— Experiment

150 L
IIIII / T —
-

100 4 s = _\

0 0.02 0.04 0.08 0.02 0.1 0.12 0.14 Y {m)

118 SOLIDWORKS Flow Simulation, 2025



Porous Screen in a Non-uniform Stream
Figure 20-6. The dynamic pressure profiles at { = 1.2, predicted by Flow
Simulation and compared to the experiments.
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Figure 20-7. The dynamic pressure profiles at { = 2.8, predicted by Flow
Simulation and compared to the experiments.
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Figure 20-8. The dynamic pressure profiles at { = 4.1, predicted by Flow
Simulation and compared to the experiments.
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Chapter 21
Lid-driven Flows in Triangular and
Trapezoidal Cavities

The lid-driven cavity is an important fluid mechanical system serving as a benchmark for
testing numerical methods and for studying fundamental aspects of incompressible flows in
confined volumes which are driven by the tangential motion of a bounding wall.

Let us now see how Flow Simulation predicts lid-driven (i.e., shear-driven) 2D recirculating
flows in closed 2D triangular and trapezoidal cavities with one or two moving walls (lids) in
comparison with the calculations performed in Ref. 16 and Ref. 6.

These two cavities are shown in Figure 21-1. The triangular cavity has a moving top wall, the
trapezoidal cavity has a moving top wall also, whereas its bottom wall is considered in two
versions: as motionless and as moving at the top wall velocity. The no-slip conditions are
specified on all the walls.

Figure 21-1. The 2D triangular (left) and trapezoidal (right) cavities with the
moving walls (the motionless walls are shown with dashes).
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As shown in Ref. 16 and Ref. 6, the shear-driven recirculating flows in these cavities are fully
governed by their Reynolds numbers Re = p-U,,h/u, where p is the fluid density, u is the fluid

dynamic viscosity, U,, is the moving wall velocity, h is the cavity height. So, we can specify the
height of the triangular cavity 7 = 4 m, the height of the trapezoidal cavity A =1m, U, =1 m/s
for all cases under consideration, the fluid density p = 1 kg/m3, the fluid dynamic viscosity

1 =0.005 Pa-s in the triangular cavity produces a Re = 800, and ¢ = 0.01, 0.0025, 0.001 Pa‘s in
the trapezoidal cavity produces a Re = 100, 400, 1000, respectively.
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The cavities’ models are shown in Figure 21-2. The Flow Simulation calculation of flow in the
triangular cavity has been performed on the 48x96 computational mesh. The results in
comparison with those from Ref. 16 are presented in Figure 21-3 (streamlines) and in

Figure 21-4 (the fluid velocity X-component along the central vertical bisector shown by a
green line in Figure 21-2). A good agreement of these calculations is clearly seen.

Figure 21-2. The models for calculating the lid-driven 2D flows in the triangular
(left) and trapezoidal (right) cavities with Flow Simulation, where MW - moving
walls.
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Figure 21-3. The flow trajectories in the triangular cavity, calculated by Flow
Simulation (right) and compared to the reference calculation (left).

Figure 21-4. The triangular cavity’s flow velocity X-component along the central
vertical bisector, calculated by Flow Simulation (red line) and compared to the
reference calculation (black line with circlets).
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The Flow Simulation calculations of flows in the trapezoidal cavity with one and two moving
walls at different Re values have been performed with the 100x50 computational mesh. Their
results in comparison with those from Ref. 6 are presented in Figure 21-5 — Figure 21-10
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(streamlines) and in Figure 21-11 (the fluid velocity X-component along the central vertical
bisector shown by a green line in Figure 21-2). A good agreement of these calculations is seen.

Figure 21-5. The flow streamlines in the trapezoidal cavity with a top only
moving wall at Re = 100, calculated by Flow Simulation (right) and compared
to the reference calculation (left).

Figure 21-6. The flow streamlines in the trapezoidal cavity with a top only
moving wall at Re = 400, calculated by Flow Simulation (right) and compared
to the reference calculation (left).

Figure 21-7. The flow streamlines in the trapezoidal cavity with a top only
moving wall at Re = 1000, calculated by Flow Simulation (right) and compared
to the reference calculation (left).
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Lid-driven Flows in Triangular and Trapezoidal Cavities

Figure 21-8. The flow streamlines in the trapezoidal cavity with two moving
walls at Re = 100, calculated by Flow Simulation (right) and compared to the
reference calculation (left).
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Figure 21-9. The flow streamlines in the trapezoidal cavity with two moving
walls at Re = 400, calculated by Flow Simulation (right) and compared to the
reference calculation (left).

Figure 21-10. The flow streamlines in the trapezoidal cavity with two moving
walls at Re = 1000, calculated by Flow Simulation (right) and compared to the
reference calculation (left).
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Lid-driven Flows in Triangular and Trapezoidal Cavities

Figure 21-11. The flow velocity X-component along the central vertical bisector
in the trapezoidal cavity with two moving walls at Re = 400, calculated by Flow
Simulation (red line) and compared to the reference calculation (black line).
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Chapter 22
Flow in a Cylindrical Vessel with a Rotating
Cover

Let us now see how Flow Simulation predicts a 3D recirculating flow in a cylindrical vessel
closed by a rotating cover.

The calculated predictions are compared with the experimental data presented in Ref. 18 (also
in Ref. 22). This vessel of R = 4 =0.144 m dimensions is filled with a glycerol/water mixture.
The upper cover rotates at the angular velocity of W. The other walls of this cavity are
motionless. The default no-slip boundary condition is specified for all walls. The geometry
model is shown in Figure 22-1.

Figure 22-1. The cylindrical vessel with the a rotating cover (yellow).
0 rotating cover

Due to the cover rotation, a shear-driven recirculating flow forms in this vessel. Such flows are

governed by the Reynolds number Re = p-Q-Rz/,u, where p is the fluid density, u is the fluid
dynamic viscosity, Q is the angular velocity of the rotating cover, R is the radius of the rotating

cover. In the case under consideration the 70/30% glycerol/water mixture has p = 1180 kg/m3 ,
1 =0.02208 Pa-s, the cover rotates at 2 = 15.51 rpm, so Re = 1800.
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The Flow Simulation calculation has been performed on the 82x41x82 computational mesh.
components of the calculated flow velocity along four vertical lines arranged in the XY -plane at
different distances from the vessel axis in comparison with the Ref. 18 experimental data are

The formed flow pattern (toroidal vortex) obtained in this calculation is shown in Figure 22-2
using the flow velocity vectors projected onto the XY-plane. The tangential and radial

Flow in a Cylindrical Vessel with a Rotating Cover
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Flow in a Cylindrical Vessel with a Rotating Cover

Figure 22-3. The vessel's flow tangential and radial velocity components along
the X = 0.6 vertical, calculated by Flow Simulation (red) and compared to the
experimental data.

Rofaling cover

L 1T | 5 P
1 \
WR - T
L a
. M . ‘ 1 | v,
. weR i ! lw+R
|
NEniInE Hun ail
: TR T
. — T
o L
! 1 |
1Y N

A
[

SOLIDWORKS Flow Simulation, 2025 129

Note - Viewing PDF files within a web browser causes some links not to function. Use HTML for full navigation.



Flow in a Cylindrical Vessel with a Rotating Cover

Figure 22-4. The vessel's flow tangential and radial velocity components along
the X = 0.7 vertical, calculated by Flow Simulation (red) and compared to the
experimental data.
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Flow in a Cylindrical Vessel with a Rotating Cover

Figure 22-5. The vessel's flow tangential and radial velocity components along
the X = 0.8 vertical, calculated by Flow Simulation (red) and compared to the
experimental data.
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Flow in a Cylindrical Vessel with a Rotating Cover

Figure 22-6. The vessel's flow tangential and radial velocity components along
the X = 0.9 vertical, calculated by Flow Simulation (red) and compared to the
experimental data.
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Chapter 23
Flow in an Impeller

Let us now validate the Flow Simulation ability to perform calculations in a rotating coordinate
system related to a rotating solid.

Following Ref. 24, we will consider the flow of water in a 9-bladed centrifugal impeller having
blades tilted at a constant 60° angle with respect to the intersecting radii and extending out from
the 320 mm inner diameter to the 800 mm outer diameter (see Figure 23-1). The water in this
impeller flows from its center to its periphery. To compare the calculation with the experimental
data presented in Ref. 24, the impeller's angular velocity of 32 rpm and volume flow rate of

0.00926 m>/s are specified.

Figure 23-1. The impeller's blades geometry.

60;

Since the impeller's inlet geometry and disk extension serving as the impeller's vaneless diffuser
have no exact descriptions in Ref. 24, to perform the validating calculation we arbitrarily
specified the annular inlet as 80 mm in diameter with an uniform inlet velocity profile
perpendicular to the surface in the stationary coordinate system.The impeller's disks external
end was specified as 1.2 m diameter, as shown in Figure 23-2.
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Flow in an Impeller

Figure 23-2. The model used for calculating the 3D flow in the impeller.

The above-mentioned volume flow rate at the annular inlet and the potential pressure of 1 atm at
the annular outlet are specified as the problem's flow boundary conditions.

The Flow Simulation 3D flow calculation is performed on the computational mesh using the
result resolution level of 5 and the minimum wall thickness of 2 mm (since the blades have
constant thickness). To further capture the curvature of the blades a local initial mesh was also
used in the area from the annular inlet to the blades' periphery. As a result, the computational
mesh has a total number of about 1 000 000 cells.

Following Ref. 24, let us compare the passage-wise flow velocities (wy, see their definition in

Figure 23-3, f = 60°) along several radial lines passing through the channels between the blades
(lines g, j, m, p in Figure 23-4) at the mid-height between the impeller's disks.
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Flow in an Impeller

Figure 23-3. Definition of the passage-wise flow velocity: PS - pressure side,
SS - suction side.

Figure 23-4. Definition of the reference radial lines along which the passage-
wise flow velocity was measured experimentally (from a to s in the alphabetical
order).

(s)

(m)
SS (m)

The passage-wise flow velocities divided by £2-r,, where £ is the impeller's angular velocity,
r, =400 mm is the impeller's outer radius, which were measured in Ref. 24 and obtained in the

performed Flow Simulation calculations, are shown in Figure 23-5 — Figure 23-8. In these
r— T,

figures, the distance along the radial lines is divided by the line's length r= 1 where the

w5 Tpso
respective subscripts denote suction side (ss) and pressure side (ps). The Flow Simulation
results are presented in each of these figures by the curve obtained by averaging the
corresponding nine curves in all the nine flow passages between the impeller blades. The
calculated passage-wise flow velocity's cut plot covering the whole computational domain at the

mid-height between the impeller's disks is shown in Figure 23-9. Here, the g, j, m, p radial lines
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Flow in an Impeller

in each of the impeller's flow passages are shown. A good agreement of these calculation results
with the experimental data is seen.

Figure 23-5. The impeller's passage-wise flow velocity along the g radial line,
calculated by Flow Simulation and compared to the experimental data.
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Figure 23-6. The impeller's passage-wise flow velocity along the j radial line,
calculated by Flow Simulation and compared to the experimental data.
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Flow in an Impeller

Figure 23-7. The impeller's passage-wise flow velocity along the m radial line,
calculated by Flow Simulation and compared to the experimental data
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Figure 23-8. The impeller's passage-wise flow velocity along the p radial line,
calculated by Flow Simulation and compared to the experimental data.
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Flow in an Impeller

Figure 23-9. A cut plot of the impeller's passage-wise flow velocity calculated
by Flow Simulation.
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Chapter 24
Rotation of Greek Cross Cylinder

To validate the capability of Flow Simulation to simulate the rotation by using the Local
region(s) (Sliding) option, let us consider a rotating cylinder of a Greek cross section with axes
perpendicular to the direction of motion and determine the air force acting on the rotating
cylinder.

The model was tested at an airspeed of 10 m/s in infinite length-diameter ratio; cross-sectional
dimensions are shown in Figure 24-1. The results of its experimental study are given in Ref. 20.

Figure 24-1. Cylinder cross-section.

D=4%"

Air
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w

The experimental data consist of drag and lift forces as functions of the ratio of peripheral to
translation speed:

U Db L oD
U, U, gS gS

»

where U’ is the peripheral speed, U, is the airspeed, w is the rotation speed, L is the ‘/ift’ or the

cross-wind force, D is the ‘drag’ force, g is the dynamic pressure and S is the projected area of
the cylinder.

For the calculation, a time-dependent analysis with the constant time step from 1/160 of the
rotation period for w < 1000 rpm up to 1/80 of the rotation period for @ > 1000 rpm has been
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Rotation of Greek Cross Cylinder

performed on the 100x80x1 computational mesh. The flow fields at @ = 300 rpm and
@ = 2000 rpm are shown in Figure 24-2 and Figure 24-3 respectively.

Figure 24-2. Flow field at w = 300 rpm.
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The aerodynamic coefficients, which were predicted by Flow Simulation and compared against
the experimental data (see Ref. 20), are shown in Figure 24-4 and Figure 24-5.

Comparison of the aerodynamic coefficients shows that Flow Simulation predicts the rotation
effects with good accuracy.
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Rotation of Greek Cross Cylinder

Figure 24-4. The lift coefficient predicted by Flow Simulation and measured

experimentally.
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Figure 24-5. The aerodynamic coefficients predicted by Flow Simulation and

measured experimentally.
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Rotation of Greek Cross Cylinder
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Chapter 25
Cavitation on a hydrofoil

When the local pressure at some point in the liquid drops below the liquid's vapor pressure at
the local temperature, the liquid undergoes phase transition and form cavities filled with the
liquid's vapor with an addition of gas that has been dissolved in the liquid. This phenomenon is
called cavitation.

In this validation example we consider Flow Simulation abilities to model cavitation on the
example of water flow around a symmetric hydrofoil in a water-filled tunnel. The calculated
results were compared with the experimental data from Ref. 4.

The problem is solved in the 2D setting. A symmetric hydrofoil with the chord ¢ of 0.305 m is
placed in a water-filled tunnel with the angle of attack of 3.5°. The part of the tunnel being
modeled has the following dimensions: length / =2 m and height 2 = 0.508 m. The calculation
is performed four times with different values of the cavitation number s defined as follows:

P -F
o= 1 )

where P, is the inlet pressure, P, is the saturated water vapor pressure equal to 2340 Pa at given
temperature (293.2 K), p is the water density at inlet, and U, is the water velocity at inlet (see
Figure 25-1).

The inlet boundary condition is set up as Inlet Velocity of 8 m/s. On the tunnel outlet an
Environment Pressure is specified so that by varying it one may tune the cavitation number to
the needed value. The project fluid is water with the cavitation option switched on, and the mass

fraction of non-condensable gas is set to 5- 107. A local initial mesh was created in order to
resolve the cavitation area better. The resulting mesh contains about 30 000 cells.
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Cavitation on a hydrofoil

Figure 25-1. The model geometry.

Pressure measurement point (x/c~0.05)
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The qualitative comparison in a form of cut plots with Vapor Volume Fraction as the
visualization parameter are shown on Figure 25-2.
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Cavitation on a hydrofoil

Figure 25-2. A comparison of calculated and experimentally observed
cavitation areas for different cavitation numbers.
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Cavitation on a hydrofoil

The calculated length of the cavitation area was derived from the distribution of the
Vapor Volume Fraction parameter over the hydrofoil’s surface as the distribution’s width at
half-height. The results are presented on Figure 25-3.

Figure 25-3. A comparison of calculated and measured cavitation lengths.
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According to Ref. 4, the ‘clear appearance’ of the cavity becomes worse for larger cavity
lengths. The experimental data also confirm that the amount of uncertainty increases with
increasing cavity extent. Taking these factors into account together with the comparison
performed above, we can see that the calculated length of the cavitation area agrees well with
the experiment for a wide range of cavitation numbers.

Pressure measurements were performed on the hydrofoil surface at x/c = 0.05 in order to
calculate the pressure coefficient defined as follows:

— P _P c=il 05

. 1
EF’L:

_ (’_"

A comparison of the calculated and experimental values of this parameter is presented on
Figure 25-4 and also shows a good agreement.
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Cavitation on a hydrofoil

Figure 25-4. A comparison of calculated and measured pressure coefficient.
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Cavitation on a hydrofoil
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Chapter 26
Isothermal Cavitation in a Throttle Nozzle

Cavitation and turbulence inside a diesel and gasoline injectors play a critical role in primary
spray breakup and development processes. In this validation example we consider Flow
Simulation capabilities to simulate cavitation in industrial liquid flows using the Isothermal
Cavitation Model.

The problem studied here validates this model by considering a 3D diesel fuel flow in a throttle
channel that was studied experimentally in Ref. 26. According to this work, thermal effects in
the considered flow are negligible. Therefore, it is reasonable to apply the Isothermal
Cavitation Model.

Throttle channel geometry with its main dimensions is shown in Figure 26-1.

Figure 26-1. The channel geometry: (s) symmetry plane, L =1 mm,
H=0.299 mm, W= 0.3 mm, R;, =0.02 mm.
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Isothermal Cavitation in a Throttle Nozzle

Diesel fuel at 30°C is supplied to the inlet under the pressure (P;,) of 100 bar. The outlet
pressure (P,,,,) varies from 10 to 70 bar. The properties of the analyzed fuel for the given

temperature are presented in the following table:
Table 26-1. Properties of the diesel fuel (2-D) at 30°C

Density (kg/m3) 836
Molar Mass (kg/mol) 0.198
Dynamic Viscosity (Pa's) | 0.0025
Saturation Pressure (Pa) 2000

It is assumed that fuel contains dissolved air. The mass fraction of dissolved air is set to 0.001 to
conform with the experimental data.

The objective of the calculations is to obtain channel characteristic under cavitation conditions
and compare it with the experimental measurements. Because throttle channel has a symmetry
plane, only a half of the model is used to generate the computational mesh. A finer local mesh is
used to resolve the flow in the narrow channel and the adjacent regions providing about 15 mesh
cells across the channel half-height. Additional refinement is performed in the region near the
small fillet R;,. The resulting mesh are shown in Figure 26-2.

Figure 26-2. The computational mesh (zoom-view).

ZFF:EZ|. [

Figure 26-3 shows the distribution of the vapor volume fraction at different pressure drop. This
figure provides a view of the initiation and development of the cavitation area.
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Isothermal Cavitation in a Throttle Nozzle

Figure 26-3. Cavitation fields at symmetry plane.
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The dependency of the pressure drop on the mass flow rate both predicted by Flow Simulation
and determined experimentally are shown on Figure 26-4. The difference between the
calculations and the experimental measurements is less than 5%. Also, as it can be seen from the
Figure 26-3 and Figure 26-4, the critical cavitation point corresponds to the pressure drop of
about 70 bar. This point defines the transition from a pressure-dependent mass flow to choked
mass flow that is induced by cavitation.

Figure 26-4. Mass flow rate versus pressure drop at 100 bar inlet pressure in
comparison with the experimental data.
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The comparison of the Flow Simulation calculations with the experimental data shows that the
application of the Isothermal cavitation model that employs a limited set of fluid properties
allows to predict cavitating flow characteristics with the sufficient accuracy.

SOLIDWORKS Flow Simulation, 2025 151



Isothermal Cavitation in a Throttle Nozzle
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Chapter 27
Thermoelectric Cooling

Flow Simulation has the ability to model the work of a thermoelectric cooler (TEC), also
known as Peltier element.

The device used in this example has been developed for active cooling of an infrared focal plane
array detector used during the Mars space mission (see Ref. 28).

According to the hardware requirements, the cooler (see Figure 27-1 and Figure 27-2) has the

following dimensions: thickness of 4.8 mm, cold side of 8x8 mm? and hot side of 12x12 mm?.
It was built up of three layers of semiconductor pellets made of (B1,Sb),(Se,Te);-based

material. The cooler was designed to work at temperatures of hot surface in the range of 120-
180 K and to provide the temperature drop of more than 30 K between its surfaces.

Figure 27-1. Structure of the thermoelectric cooler
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Thermoelectric Cooling

Figure 27-2. The thermoelectric module test setup.

To solve the engineering problem using Flow Simulation, the cooler has been modeled by a
truncated pyramidal body with fixed temperature (77,) on the hot surface and given heat flow

(Q,) on the cold surface (see Figure 27-3).

Figure 27-3. The model geometry: (1) TEC, (2) part of infrared focal plane array
detector, (3) part of heat sink.

2
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Thermoelectric Cooling

The TEC characteristics necessary for the modeling, i.e. temperature dependencies of the
maximum pumped heat, maximum temperature drop, maximum current strength and maximum
voltage, were represented in the Flow Simulation Engineering Database as a linear
interpolation between the values taken from Ref. 28 (see Figure 27-4).

Figure 27-4. The TEC’s characteristics in the Engineering Database.

As it can be seen on Figure 27-5, the temperature drop between the cooler’s hot and cold
surfaces in dependence of current agrees well with the experimental data.
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Thermoelectric Cooling

Figure 27-5. AT as a function of current under various T},
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The dependency of AT against heat flow under various 7, (see Figure 27-6) is also in a good

agreement with the performance data, as well as the coefficient of performance COP (see
Figure 27-7) defined as follows:

0. 0.
COP=2t—_=¢
P‘=: Q - Q
where P;,, is the cooler’s power consumption, and Q.. and Q), are the heat flows on the cold and
hot faces, respectively.
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Thermoelectric Cooling

Figure 27-6. AT as a function of heat flow under various Tj,.
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Figure 27-7. COP as a function of AT under various T},
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Finally, we may conclude that Flow Simulation reproduces thermal characteristics of the
thermoelectric coolers at various currents and temperatures with good precision.
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Chapter 28
Buice-Eaton 2D Diffuser

To validate the performance of the Flow Simulation enhanced k-¢ turbulence model, let us
consider a flow through the Buice-Eaton diffuser. This problem was a test-case for the 8th
ERCOFTAC/IAHR/COST Workshop on Refined Turbulence modeling in Espoo, Finland, 17-
18 June 1999.

The flow includes a smooth-wall separation due to an adverse pressure gradient, reattachment
and redevelopment of the downstream boundary layer. The results of its experimental study are
given in Ref. 5. The data include mean and fluctuating velocities at various stations in the
diffuser and skin friction data on both walls.

The Buice-Eaton diffuser, illustrated in Figure 28-1, is an asymmetric 2D diffuser in which
incompressible, fully developed turbulent flow undergoes smooth wall separation and
reattachment. The lower wall of the diffuser slopes down at 10° and opens the diffuser up to
4.7 times the entrance height, H = 0.59055 in. The inlet channel flow is turbulent and fully-
developed with a Re = 20 000 based on the centerline velocity and the channel height.

Figure 28-1. Schematics of the diffuser.
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For the calculation, 2D computational domain was considered. As the Fully developed flow
boundary condition was specified at the inlet, so a short entrance was used. A large outlet was
used so that the flow had time to stabilize before reaching the outlet, to avoid causing any
upstream effects. The basic initial mesh was 495x100x1 cells (in the X-Y plane).

The skin friction along lower and upper walls of Buice-Eaton diffuser is shown in Figure 28-2.

Figure 28-2. Skin friction along lower (a) and upper (b) walls predicted by Flow
Simulation and measured experimentally.
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The mean velocity and turbulent kinetic energy profiles for the Flow Simulation simulation,
along with experimental results can be seen in Figure 28-3.
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Figure 28-3. Mean velocity (a) and turbulent energy (b) profiles predicted by
Flow Simulation and measured experimentally.
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Comparison of the experimental and calculated results shows that Flow Simulation predicts the
separation point and the extent of the recirculation region with good accuracy.
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Chapter 29
Flow Over a Broad-crested Weir

In this validation example we consider Flow Simulation capabilities to simulate free-surface
flows using the Volume of Fluid (VOF) technique.

The problem studied here validates this model by considering a water flow over a broad-crested
weir that was studied theoretically by using Bernoulli’s theorem in Ref. 3.

The considered model of a broad-crested weir is shown in Figure 29-1, where

H=10.06, 0.065, 0.07 m is the initial height of water, a = 0.05 m is the height of the weir at its
highest point, d is the depth of the stream and # is the fall in water level below that some
distance upstream where the water velocity V is negligibly small.

Figure 29-1. Steady flow over a broad-crested weir.

The water density is p = 1000 kg/m3 and its viscosity is ¢ = 0 Pa-s.

Lets observe the level of the surface of the dammed slowly-moving water upstream of the weir.
At the place where d + /4 is a minimum, i.e. above the highest point of the weir, the values of d
and V are:

nrr.l ZE[H_”] ' I'I:'?:[g(fa]l :
For the calculation, 2D computational domain was considered and a time-dependent analysis
was performed. To specify the initial water level and opening boundary conditions, the zero
reference point for the pressure in hydrostatic equilibrium should be defined first. Let the zero
reference point be at the height H. Thus the initial water distribution can be defined as Initial
Condition by specifying the Initial fluid equals Water, the Static Pressure equals
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P, = 101325 Pa and the Pressure potential is checked. The inlet boundary condition can be
defined as the Static Pressure equals P, and the Initial fluid equals Water at the height
below H and Air at the height above H, and the Pressure potential is checked. The outlet
boundary condition can be defined as the Static Pressure specified as the dependency on height
(y coordinate) P, — p,i-g (v — H), where p,;. = 1.2 kg/m>, g = 9.81 m/s?, the Initial fluid
equals Air, and the Pressure potential is unchecked.

Figure 29-2 shows a comparison between the theoretical and calculated depth of the water
stream d, and the water velocity V, at the weir highest point.

Figure 29-2. The water stream depth and the velocity at the weir highest point
predicted by theory and calculated by Flow Simulation.
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Comparison of the water stream characteristics predicted by calculation and by theory shows
that Flow Simulation simulates the free-surface flows with good accuracy.
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