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NUMERICAL AND EXPERIMENTAL INVESTIGATION OF
TRANSONIC FLOW THROUGH 2-D MODEL OF CLEARANCE GAP

J. Vimmr”, O. Bublik, M. Luxa™, R. Dvarak, D. Simurda

Summary: The main objective of the study presented here is to compare the
results obtained from numerical simulations and experimental measurements of
the transonic flow through the 2-D model of the male rotor-housing gap in a dry
screw compressor for several clearance throat dimensions and pressure ratios.
With regard to the numerical investigation, a compressible Navier-Sokes solver
has been developed for the purpose of clearance flow modelling. The presented
numerical solver is based on the cell-centred finite volume method defined on
structured quadrilateral grids. For the spacial discretization of the inviscid part
of the numerical flux, the AUSM scheme with a S-version of the minmod limiter
is applied. For the time integration, the two stage second order Runge-Kutta
algorithm is used. Concerning the experimental measurements, the Schlieren
method in Toepler configuration was carried out.

1. Introduction

Mathematical modelling and experimental investgatof transonic flow in very narrow
channels and gaps is one of the topical and dem@maoblems of internal aerodynamics.
Clearance gaps in screw compressors representf oneny applications. Some experimental
and numerical simulations of gas flow through a 2aDdel of the male rotor-housing gap
(the sealing gap between the head of the male totdh and the screw compressor housing)
have been already presented (Kauder et al., 2@800yumerical computations introduced in
this study were performed by CFD package Fluent.

In (Vimmr, 2004), the early numerical results, whiwere obtained using a compressible
Navier-Stokes solver for the case of the laminaacnce flow computation performed for the
given pressure rati@, /p,, = 05 through the 2-D model of the male rotor-housing géth
the throat dimension of 100 um, were published. fitmnerical solver developed by one of
the authors was based on the cell-centred finitarwe formulation of the central explicit
two-step TVD MacCormack scheme proposed by Caus®89| for a structured quadrilateral
grid.
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Regarding the mentioned 2-D model of the male rbtarsing gap, new optical
measurements were carried out by Luxa et al. (208B)g the Schlieren method in Toepler
configuration. The obtained experimental resultssithat the occurrence of shock waves in
the supersonic region of the considered 2-D mofl¢he clearance gap is dependent on its

throat dimensiorH and on the pressure rat,/ p,, -

Therefore, the research attention of this studfoised on the numerical solution of
a laminar compressible viscous fluid flow throudje 2-D model of the male rotor-housing
gap for three different throat dimensions (200 (850 um and 500 um) and for selected
pressure ratios {,/p, =0.2, p,/p,, =0.182 and p,/p,, =0.183 with atmospheric
pressure at the inlet. All numerical results présérere are qualitatively compared with the
experimental results, which were obtained for thea gap geometry and for the same flow
conditions. The numerical simulations were perfatnby a numerical solver based on the
cell-centred finite volume method defined on stwetl quadrilateral grids. The numerical
code is developed to solve the actual transonww fdooblems in very narrow channels and
gaps. For the spacial discretization of the indgquart of the numerical flux, the AUSM flux
vector splitting scheme proposed by Liou & Stef(@893) is applied. The first order spatial
accuracy of the AUSM scheme is improved to the seéocarder by a linear reconstruction
with a S-version of the minmod limiter proposed by the auth The viscous part of the
numerical flux is modelled using a finite volumersien of central differences on dual cells.
For the time integration, we use the two stagersgooder Runge-Kutta algorithm.

2. Problem formulation

The clearance flow can be reasonably simulatecheycomputational fluid dynamics (CFD)
for so called dry compressors, Fig. 1 (left), wheoemultiphase flow occurs. The male rotor-
housing gap in a dry screw compressor is modehled screw compressor frontal cross-
section (the plane perpendicular to rotors axe®), F (right), in the form of a two-

dimensional computational domaif2 0O R?, Fig. 2. It is bounded by two adiabatic
impermeable wall9Q,, =0Q,s 0 0Q,, that corresponds to the circular part of the screw
compressor housingQ,; and to the head of the male rotor toodk,,. The other
boundaries of the computational dom#&nrepresent the inledQ, from the higher pressure
chamber and the outl&lQ, to the lower pressure screw compressor chamber 2Filt is

assumed that the male rotor does not move. Heheantluence of the male rotor motion is
not investigated.

Fig. 1: Dry screw compressor (left). Screw compre$®ntal cross-section (right): 1 — male
rotor, 2 — female rotor, 5 — male rotor-housing ¢amsidered clearance gap)
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Fig. 2: 2-D computational domai@ [0 R* with the boundandQ =0Q, 094Q, [0 0Q,,

Let H be the throat dimension, i.e. the width of the ZiBarance gap in its narrowest
section forx=0, Fig. 2. The clearance flow is studied for thréféedent throat dimensions
(H, =200 pm, H, =350 um and H, =500 um) and for selected pressure ratios

(P,/Po; =0.2, p,/ P, =0.182 and p,/ p,, = 0.183) with atmospheric pressure at the inlet.
In this study, four cases are tested numericaltyexperimentally.

For the test case A(H, =350 um, p,/p, =0.2), the reference Reynolds number
Rey = Oyl Hoe /s = 6449 was computed from selected reference values
Py = Py, =101325Pa, T, =T,, =29815K, H,, =H,=3500"m, r, =r =287J/(kg K)
and 7., =n7=187910° kg/(m's) leading to O = Py [(rgTs)=1184 kg/m® and

Ug =+ P /Prs =29252 mis.

For thetest case B(H, =500 um, p,/p,, =0.183), the reference Reynolds number

Rey = PsUgHae /M1 = 9213 was computed from selected reference values
Py = Py, =101325Pa, T, =T,,=298 1K, H,, =H,=500"m, r  =r = 287J/(kg K)

r

and 774 =7=187900° kg/(ms) leading t0 P4 = P /(g T,e) =1.184 kg/m® and

Ug =+ P /Prs =29252 mis.

For thetest case C(H, =200 um, p,/p,; =0.182), the reference Reynolds number

Rey = OgUgHyg /1« = 3685 was computed from selected reference values
Py = Py, =101325Pa, T, =T, =29815K, H,, =H,=200"m, r, =r =287J/(kg K)

r

and 7, =n7=1879110° kg/(m's) leading to O, =Py /(rrefTref) =1184 kg/m3 and

Ug =+ P /Prg =29252 mis.

3. Governing equations for laminar compressible fluidflow

Because of relatively low values of the referenegri®lds numbersRe, in the considered

test cases A — ©f the clearance flow through the 2-D models @ timale rotor-housing gap
with different throat dimensionsl mentioned above, the laminar flow model describgd
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the non-linear conservative system of the two-disi@mal compressible Navier-Stokes (NS)
equations is assumed for our numerical computations

Making an orientation calculation of the Knudsen mber Kn using
Kn=(M/Re,)\A7/2, see Karniadakis et al. (2005), the obtained valuesaforour

computations are always lower th&m <610™. Therefore, the fluid can still be considered
as a continuum and the application of the compietelinear system of the compressible NS
equations for laminar heat-conducting, Newtoniaidfflow in an absolute frame of reference
is acceptable. In non-dimensional conservative flegtor form, the governing equations are
written for 2-D flow problems as

ow  of (W) ag(w) _ 1 (afv(w) +agv(W)j in Q. =Qx(OT,), @)
o ox dy Re,| o0x ay

where Q, is the space time cylinder arf@ T, is)a time intervalT, > 0The column vector
W(y,t) of conservative flow variables and the Cartesamponentsf (w), g(w) of the total
inviscid flux and f,,(w ) g, (w) of the total viscous flux are defined as

w=w(yt)=(p, pu, v, E) OR", y=(xy)' 0Q, tOOT,), (2)
f=f(w)=(ou, ou®+p, puv, (E+ p)u)’, (3)
g=9(w) = (ov, puv, ov* + p, (E+p)V)’", 4)
f, = f,(W)= 0,7, 7,,ur, +vr, —q,)", (5)
o =9,w)=Q0r,,1,,ur, +vr, —q,)" . (6)

In the above,p is the fluid density,p is the static pressurds is the total energy per unit
volume, u,vVv are the Cartesian components of the velocity wvecto
v=(uwv)', 1 I, I, I, arethe laminar shear stresses gpdq, are the heat flux terms

given for a Newtonian fluid, (Hirsch, 1990). Thetexal volume forces are not considered in
all our test cases.

XX !

In this study, we assume the compressible fluitheca perfect gas, even if the viscous
effects are taken into account. From the idealegpgtion of state, the static pressyreis

used to close the system of the compressible N&tiems (1) as follows
1 2 2
p:prT:(K—l){E—E,o(u +v)] (7)

whereT is the thermodynamic temperatures c, —¢, is the gas constant per unit of mass,
¢, and ¢, are the specific heat coefficients under conspaessure and constant volume,

respectively, anck = 14s the Poisson’s constant (the ratio of spediiat coefficients
C, andc,). The laminar Prandtl numberPr is defined for the perfect gas as

Pr =c7/k = 072, wheren is the molecular viscosity arkl is the thermal conductivity.
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4. Numerical method

For the discretization of the conservative systdnthe NS equations (1), the cell-centred
finite volume method (FVM) on a structured quadetal grid was used. In the FVM, the

bounded computational domai®2 0 R* is subdivided into a finite number of non-
overlapping quadrilateral finite volumé3,; with the boundaryQ; . Integrating the equation

(1) over each control volum&; and applying the Gauss-Ostrogradski’'s Theorem, the
following integral form is obtained

1

9
ad[winj+ §(an +n,0) dS=— §(nva+nygv)ds, (8)

i 00 ef 00y

where n_ and n are the Cartesian components of the outward urdtovenormal to the
differential surfacedS of the control volume boundagQ; . Substituting the first integral on
the left side of equation (8) by, |Q; ,

centroids (integral average of over the control volumé; ) and|Q; | is the area of the cell

Wherew; is the numerical solution stored at the cell

Q; , we get
o, 1
—- 191+ §(nf +ng)dS=—" §(nf, +n,g,) dS. ©)
0Q;; ef 9Q;

The integrals in equation (9) can be approximated bum of numerical fluxes and equation
(9) is rewritten in the following semidiscretizeatiin on a quadrilateral control volungg; as

dW- 1 4 1 4

=T L FaSh - FSh | (10)
d  |Q, {Z Rey j

where F! and F,/ are numerical inviscid and viscous fluxes, respebt, and act through

the m-th edge of the quadrilateral control volunfg;. We denoteS,, m=1... d4as the

length of them-th cell edge.

The approximation of the inviscid numerical fluxess, normal to the m-th edge
(m=1...4)of the quadrilateral control volum&; was performed using the AUSM

(AdvectionUpstreamSplitting M ethod) algorithm proposed by Liou & Steffen (1998Bhe

inviscid numerical flux vectoF ' consists of two physically distinct parts, namebyvective
and pressure terms

Yo 0 0
n - n
F'=nf+ng=V, A +p| *|=F°+p| *|, (11)
Yoy, n, n,
oH 0 0

whereH = E+ p/p is the enthalpyy, =un, +vn, =v' [h is the convective velocity normal

to the appropriate cell interface afd denotes the convective part of the inviscid nuoari
flux. For each edge dividing two cells in the corgtional grid, we define the normal Mach
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numbers for the left (L) and right (R) cells &§, =V, /a, andM  =V,;/a;, wherea, and
a, are values of the local speed of sound in thealedt right cells, respectively. The interface
convective Mach numbeM . is then determined by using Mach number splitfungctions

(M*) based on neighbouring normal Mach numbers

ML/R:M+(MnL)+M_(MnR)1 (12)
where the Mach number splitting functions are dediim the following way, (Liou, 1996),
ZMxIM)), it IM[>1
M*(M)=4 2, L (13)
J_rZ(M +1)° + §(M 2-12  otherwise.

Similarly, the interface pressurp, , is obtained with contributions from the left aright
cells using pressure splitting functior®*) based on neighbouring normal Mach numbers

pL/R = P+(MnL) l:pL + P_(MnR) [pR’ (14)

where p, and py are values of the static pressure in the leftragid cells, respectively. The
pressure splitting function8* are, (Liou, 1996),

Lassignmyp, i [M[>1

%(M £12(2FM),  otherwise.

Consequently, the convective term of the numerfeat through a cell interface can be
effectively written as

~ pa
- M, . Fg if M_ <0
Fir = R R : HR ’ where FS, = pa . (16)
FOIMR RS, if Me>0, {7 va
,oHa L(R)

The total inviscid AUSM numerical flux through the-th cell edge of the control volume
Q; can be finally expressed as

0

n
. (17)
ny

0

1 ~c, ¢ 1 ¢ _[c
Fnlw = FL/?EW (W, wg) :EML/R(FL +Fg) _E | Mk |(Fr —F0)+ Pur

It is well known that upwind schemes in general @fréhe first order accuracy in space.
Hence, the first order spatial accuracy of the AUSNWMeme is improved to the second order
by a linear reconstruction with a limitérhe linear reconstructionat each control volume of
the structured quadrilateral grid is built in twadependent directions. We assume that the
neighbouring cells dimensions are comparable. Toerewe do not perform the coordinates
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transformation from the physical to the computaiospace. We compute the following
vectors

upwind

downwind _—
X W.

=W

= Wi Wiy x i~ Wi

(18)

upwind _ _ downwind — _
oy =Wy =Wy, oy = Wi — Wy, 19)

which are used with the minmod limiter implementadhis study. The minmod limiter is
defined for two functionsa andb as

a, if |a|<|b|] and alb>0,
minmod(a,b) =<b, if |a|>|b|] and alb>0, (20)
0 if alb<O.
According to the minmod limiter definition (20) encalculate

o_)r(ninmod - miand (O_:pwind’o_gownwind) , O_;winmod = min mOd (Gspwind10_30wnwind ] (21)

The reconstructed values on the edges of the dorthame Q; are evaluated as

1 inmod 1 minmod
W =W +-a™, W =W -0y ’ (22)
i+ 2 =y 2
1 . 1 .
W, ) :\Nij +_O_;1|nmod1 W” ) :Wij __O_;nmmod. (23)
i+ 2 i3 2

The total inviscid AUSM numerical flux through the-th cell edge of the control volume

Q, is then computed according to equation (17) for

FH:EFL?ESM(W LW j (24)
i+ZjL  i-ZjR

2 2
In order to stabilize the numerical solution in tiegions with very low Mach numbers, the
following modification of the minmod limiter (20}he so-calleds-version of the minmod
limiter, has been introduced by the authors

def
L —minmod(a,b) = (M) minmod(a,b), (25)
where the function3(M Js chosen as
0 for M <02
BM)=<(M -02)/08 for 02<M <] (26)
1 for M =1

This modification of the minmod limiter was propdsearticularly for solving of these kinds
of transonic flow problems with separation in vearrow channels and gaps.

The approximation of the viscous numerical fluxes, through the m-th edge
(m=1...4) of the quadrilateral control volum®; was performed using a finite volume
version of central differences on dual cells. Forendetails, see (Vimmr, 2003).
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For the time integration of the ordinary differehtequation (10) in semidiscretized form,
we use the two stage second order Runge-Kuttaitigor

5. Experimental method

For the experimental investigation of the clearafioe, a measurement area was designed
with embedded 2-D model of the male rotor-housiag which has the same geometry as in
the case of numerical investigation, Fig. 3. Theasueement area was attached to the
modular wind tunnel of the suction type in the Adynsamic laboratory of Institute of
Thermomechanics ASCR in Novy Knin. Its lower pavhich represents the model of the
male rotor tooth, was fixed compared to the uppet, pvhich represents the model of the
stator. The variable mutual position of both pamnsbles to change the throat dimensibn
Fig. 3. In the performed experimental measuremefdsr different throat dimensions
(H,=200 pm, H, =350 um, H, =500 pm and H, =620 um) were considered. Both
sidewalls of the measurement area have opticalawsdvith the diameter of 160 mm, Fig. 3.
The channel width is set to be 20 mm. The totasquee p,;, at the inlet of the measurement

area and the static pressupg near the clearance outlet, Fig. 3, were measureatder to
determine the pressure ratm/ p,, -

optical window

Fig. 3: Designed measurement area with the ddt#lileomale rotor-housing gap

The optical measurement was carried out for fousvabmentioned throat dimensions
(H,-H,) and for several selected pressure ratios fromrémge 0.091< p,/p,, < 0.600
using the Schlieren method in Toepler configuratiGior more details regarding the

description of this experimental method appliedtha investigated clearance flow, see (Luxa
et al., 2008).

6. Numerical and experimental results

For the laminar clearance flow computation in dlfee consideredest cases A — C
computational grids were used with refinement m tictinity of the walls and downstream in
the separation region. For example, the structaosadputational grid for théest case Awith
250x90 quadrilateral cells is shown in Fig. 4.
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Regarding the non-dimensional boundary conditionsn othe boundary
0Q =0Q, 00Q, 00Q, of the computational domaif [J R*, identical conditions were

prescribed for all three test cases at the i@ (the total pressurep,, = ,1the total
temperaturel,, = lthe inlet angley, of attack of the flow,0T/on=0 and Zizlrgknk =0,

g=1,2) and at the rigid wall¥Q,, (u=0, v=0 and0dT/dn =0). The outlet static pressure
condition at the boundaryQ, is the only exception. For theest case A the static
pressure was set equal @ = 0.2, for thetest case B p, =0.183 and for thetest case C
p, =0.182. The other outlet boundary conditiondT(on =0 and Zizlrgknk =0, g=1,2)
are kept the same for all three test cases.

-1 0 1 2 3
x[m]

X107

Fig. 4: Structured computational grid for ttest case Athroat dimensiorH, =350 pm)
with 250x 90 quadrilateral cells

Several obtained numerical and experimental resuitpresented in Fig. 5 — Fig. 13. The
isolines of the Mach number and the velocity magtetdistribution in the 2-D model of the
male rotor-housing gap for thest case AH, =350 um, p,/p,, =0.2) are shown in Fig. 5
and in Fig. 6. The experimental results visualized the form of schlieren picture
corresponding to this test case are introducedign & The results for théest case B
(H; =500 pm, p,/ p,; =0.183) and for thetest case GH, =200 pm, p,/p,, =0.182) are
presented once again in the form of Mach numbdines, velocity magnitude distributions

and schlieren pictures, which can be found in 8ig: Fig. 10 and in Fig. 11 — Fig. 13,
respectively.

0.061 192
0.0605 ( H [HU 1.44
% 0.06 wﬁ' 0.96
0.0595(- 0.48
0.059L \ L \ \ \ \ I I \ 0.01

-1 o] 1 2 3
x[m] 8

Fig. 5: Isolines of the Mach number for tiest case AH, =350 um, p,/ p,, =0.2)
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Fig. 6: Velocity magnitude distribution for thest case AH, =350 um, p,/p,, =0.2)

Fig. 7: Schlieren picture for thtest case AH, =350 um, p,/p,, =0.2)
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Fig. 9: Velocity magnitude distribution for thest case EH, =500 pm, p,/p,, =0.183)

1130



Fig. 10: Schlieren picture for thest case EH, =500 pm, p,/p,, =0.183)
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Fig. 11: Isolines of the Mach number for test case GH, =200 um, p,/ p,, =0.182)
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Fig. 13: Schlieren picture for thest case GH, =200 pm, p,/p,; = 0.182)

7. Conclusions

In regard to the qualitative comparison between ghesented schlieren pictures obtained
from the experimental measurements, which werdethout in the Aerodynamic laboratory
of Institute of Thermomechanics ASCR in Novy Knémd the numerical results gained by

1131



the developed numerical solver described in thiglstit is possible to deduce that both
numerical and experimental results are comparablelf our three test cases A — C in the
2-D model of the male rotor-housing gap. Becausthefagreement between the numerical
and experimental results, we can conclude that pifegosed numerical method, which
converged to a steady state solution, may be deitdy the solution of transonic flow
problems in extremely narrow channels and gaps.

For the considered throat dimensiorns$, €200 pm, H, =350 pm, H, =500 pm) of the
2-D model of the clearance gap and for the presdripressure ratiospg/p,, =0.182,

P,/ Py =0.183 p,/p,, =0.2), the numerical and experimental results showcsjipflow

field structures. The flow separation area exists anly downstream from the point of the
rapid channel area enlargement in the lower partan be also found near the upper wall as
a result of the intensive oblique shock wave incae
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