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The super criti cal wa ter gasi fi ca tion of bio mass tech nol ogy is a prom is ing ap -
proach for the ef fi cient and clean con ver sion of wet-bio mass to hy dro gen-rich gas
pro duc tion. Many of the bio mass ma te ri als are of rod like shape and gasified in
super criti cal wa ter fluidized bed. So the par ti cle-fluid two-phase flow be hav iors in -
sider super criti cal wa ter fluidized bed are of great im por tance. Con strained by the
ex treme op er at ing con di tion, nu mer i cal meth ods, such as the Eu ler-Eu ler method
and Eu ler-Lagrange method, are used to study the flow be hav iors in side the super -
criti cal wa ter fluidized bed. As the ac cu racy of these meth ods are de pended on the
drag force model and there is lit tle in ves ti ga tion on that at super criti cal con di tion,
this work is fo cused on the drag co ef fi cient of cyl in der bio mass par ti cle with dif fer -
ent ra tio of length to di am e ter. The sim u lated re sults show that there is no dif fer -
ence for the drag co ef fi cient of a cer tain par ti cle at dif fer ent con di tion when the
Reynolds num ber is same. The vari a tion ten dency of the pres sure and vis cous drag
co ef fi cient with Reynolds number and the ra tio of length to di am e ter is also given in
this pa per.
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In tro duc tion

Bio mass has been a ma jor source of en ergy for a long his tory, and it is con sid ered as a
re new able and abun dant en ergy re source [1, 2]. In re cent years, the super criti cal wa ter (SCW)
gasi fi ca tion of bio mass tech nol ogy has at tracted ex ten sive at ten tion as it can avoid the en ergy
in ten sive dry ing step and con vert bio mass to hy dro gen-rich gas prod ucts ef fi ciently and cleanly
[3-6]. The super criti cal fluidized bed is a prom is ing re ac tor which can solve the plug ging prob -
lem re sulted from the for ma tion of char dur ing the gasi fi ca tion pro cess. For the ef fi cient re ac tor
de sign, scal ing up and op er at ing con di tion op ti mi za tion, it is nec es sary to study the de tail of the
par ti cle-fluid flow be hav iors in side the super criti cal wa ter fluidized bed [7]. The CFD pro vides
a con ve nient method with out the lim i ta tion by ex per i men tal method at high tem per a ture and
pres sure.
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For the sim u lated study of gran u lar flow, there are two ap proaches, the Eu ler-Eu ler
method and Eu ler-Lagrange method, and the ac cu racy of them has a great de pend ence on the
drag force model. In gen eral, many of the bio mass re sources are of rod like shape, es pe cially the
cyl in der shape, such as the straws [8]. Be sides, com press ing the bio mass re sources into cyl in der
par ti cle is a usual way of uti li za tion. As the par ti cle shape have a great in flu ence on the flow
field, the in ves ti ga tion on the SCW flow past cyl in der bio mass par ti cle is sig nif i cant. Now, ex -
ten sive ex per i men tal and nu mer i cal stud ies have been done fo cus ing on the fluid-flow past a
cyl in der at am bi ent con di tion. Zdravkovich [9] has com piled al most all the ex per i men tal, an a -
lyt i cal and nu mer i cal re sults of flow past cyl in ders and di vided the phe nom e non into five flow
re gimes based on the Reynolds num ber. Bat che lor [10] has de rived an ap prox i mate drag ex pres -
sion of cyl in der with the sym me try axis par al lel and per pen dic u lar to the stream-wise, which is
val i dated for slen der cyl in der only. Rajani et al. [11] did a nu mer i cal study of 2-D and 3-D flow
past a cyl in der in dif fer ent lam i nar flow re gimes.

How ever, the study of the flow past cyl in der at super criti cal con di tion has been lit tle
so far. So in this pa per, a nu mer i cal 3-D sim u lated work was con ducted to study SCW flow past
a fi nite cyl in der par ti cle for Reynolds number of 10 to 150. The ef fect of the ra tio of length to di -
am e ter was also taken into ac count.

Nu mer i cal for mu la tion

As the heat trans fer was not taken into con sid er ation, the trans port prop er ties were re -
garded as con stant. A lam i nar in com press ible flow model was used:
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when  in  the  steady flow model, the first term of eq. (2) was ne glected. Where 
r
u is the ve loc ity,

r – the den sity, p – the pres sure, and m – the vis cos ity. The drag force Fd and drag co ef fi cient Cd
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where D and L are the di am e ter and length of the cyl in der par ti cle, re spec tively, 
r
n – the unit nor -

mal vec tor of par ti cle sur face, and 
r
i – the unit vec tor of stream-wise. The Fdv and Fdp are vis cous

and pres sure drag force, and the Cdv and Cdp are vis cous and pres sure drag force co ef fi cient.

Nu mer i cal con sid er ation

From the flow re gime di vi sions by Zdravkovich [9], it can be seen that, for a in fi nite
cyl in der, the lam i nar flow re gime with pe ri odic vor tex shed ding is in cluded in the in ves ti gated
Reynolds num ber range. A fully com pu ta tional do main was adopted and a quar ter of it was
shown in fig. 1. To avoid the bound ary block age ef fect, the size of the do main was cho sen as
40D ´ 20D ´ 20D cor re sponded to the X-, Y-, and Z-axises, when the di am e ter and length both
equal to D. As the length was vari able in this work, the size of the flow do main would be ad -
justed in the di rec tion of the length of the par ti cle, to keep the dis tance from par ti cle sur face to
flow do main bound ary con stant.
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The par ti cle cen ter was lo cated in the cen ter of the Y- and Z-di rec tion with 10D to the left
patch and the sym me try axis of cyl in der par ti cle was cor re spond ing to the Z-di rec tion. For the
ve loc ity bound ary con di tion, the left patch was set as in let bound ary with fixed uni form in flow
ve loc ity and the right patch was set as out let bound ary with a zero gra di ent. The par ti cle sur face
was set as no-slip bound ary and the other patches were set as slip bound ary. For the pres sure
bound ary con di tion, ex cept the right patch with a fixed pres sure value, the oth ers were all set
with a zero gra di ent.

The mesh was gen er ated by SnappyHexMesh, a mesh gen er a tion util ity of
OpenFOAM. As large gra di ent oc curred near the par ti cle sur face, the mesh at this re gion need to 
be re fined. Through SnappyHexMesh, the res o lu tion of the mesh was con trolled by the size of
the back ground mesh and the re fine ment level of the ge om e try sur face. In this work, the back -
ground mesh size was set as 10/D. For the mesh in de pend ence val i da tion, a cyl in der par ti cle
with the ra tio of height to di am e ter (L/D) of 3
and three kinds of re fine ment level, 3-5, were
used. The op er at ing con di tion was 0.1 MPa
and 300 K for Reynolds number of 30. From
the sim u lated re sults shown in tab. 1, it can be 
got ten that the re fine ment level of 4 was fine
enough.

Sim u lated re sults

Nu mer i cal method val i da tion

Now, nu mer ous re searches have been
done for the study of the drag co ef fi cient of
non-spher i cal  par ti cle.  In  this  work,  sim u la -
tion  about  par ti cle  with  dif fer ent  sphe ric ity at
0.1 MPa and 300 K was con ducted firstly and
the sim u lated re sults were com pared to the pub -
lished data in [12] as shown in fig. 2. The
Reynolds number was de fined as ruD/m. The D
used in [12] was the equiv a lent vol ume spher i -
cal di am e ter, while in this pa per it was the cyl in -
der di am e ter. As a re sult, in this com par i son, the 
Reynolds num ber cor re spond ing the data in lit -
er a ture was trans formed to that based on the
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Figure 1. Schematic diagram of quarter of the flow domain

Ta ble 1. Re sults of mesh in de pend ence val i da tion

Re fine ment level 3 4 5

Mesh num ber 874360 1567928 4258565

Cd 1.917 1.915 1.915

Figure 2. Comparison of simulated
drag coefficient to that published data



cyl in der di am e ter. From fig. 2, it can be seen a
good con sis tence be tween the sim u lated re sults
and the pub lished data. So the nu mer i cal
method used in this work has good ac cu racy and 
re li abil ity.

Drag co ef fi cient of cyl in der par ti cle at
subcritical and super criti cal con di tion

The SCW has unique dy nam i cal prop er ties,
which is a fluid me dium dif fer ent from both the
liq uid and gas. When the op er at ing con di tion is
near the crit i cal point, as can be seen in fig. 3,
the prop er ties of wa ter change dra mat i cally with 
tem per a ture. In tab. 2, it was dis played that the

sim u lated drag co ef fi cients of wa ter
flow past a cyl in der par ti cle for dif fer ent 
Reynolds num ber at subcritical and
super criti cal con di tion with the ra tio of
height to di am e ter of 3. It was also made
a com par i son to that at am bi ent con di -
tion. The com par ing re sult shows that
there is lit tle dif fer ence for the same
Reynolds num ber at dif fer ent op er at ing
con di tions.

For the fur ther com par i son, the vis cous and pres sure drag co ef fi cients were also given
in tab. 3. The val ues also show a good con sis tence at dif fer ent op er at ing con di tions when the
Reynolds num ber is same. As shown in eqs. (3) and (4), the vis cous and pres sure drag co ef fi -
cients have a great de pend ence on the flow field dis tri bu tion. From pre vi ous, con clu sions can be 
ob tained that for the same Reynolds num ber, the hy dro dy nam ics of wa ter flow past a cyl in der
par ti cle at super criti cal con di tion is same with that at am bi ent con di tion.
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Figure 3. The change of the water dynamic
properties near the critical point

Ta ble 2. Drag co ef fi cient at dif fer ent con di tions
when L/D = 3

Re 10 30 50 100 150

23 MPa, 633.15 K 3.310 1.882 1.509 1.171 1.038

23 MPa, 663.15 K 3.309 1.882 1.508 1.171 1.039

23 MPa, 873.15 K 3.310 1.881 1.508 1.171 1.038

0.1 MPa, 300 K 3.309 1.882 1.508 1.169 1.036

Ta ble 3. Vis cous and pres sure drag co ef fi cients at dif fer ent con di tion when L/D = 3

Re 10 30 50 100 150

23 MPa, 633.15 K
Cdv 1.672 0.821 0.595 0.389 0.306 

Cdp 1.638 1.061 0.914 0.782 0.732

23 MPa, 663.15 K
Cdv 1.672 0.821 0.595 0.389 0.306

Cdp 1.637 1.061 0.913 0.782 0.732

23 MPa, 873.15 K
Cdv 1.672 0.821 0.595 0.389 0.306

Cdp 1.637 1.060 0.913 0.782 0.732

0.1 MPa, 300 K
Cdv 1.672 0.821 0.595 0.387 0.305

Cdp 1.638 1.061 0.913 0.781 0.731



Drag co ef fi cient of cyl in der par ti cle with
dif fer ent ra tio of height to di am e ter

The ra tio of height to di am e ter is a main shape fac tor of cyl in der par ti cle, which can in -
flu ence the flow char ac ter is tics greatly. In this work, five kinds of cyl in der par ti cles with dif fer -
ent val ues of L/D = 1, 3, 5, 8, 10, were in ves ti gated at super criti cal con di tion, 23 MPa and
873.15 K. The sim u lated re sults of drag co ef fi cient were shown in fig. 4. In fig. 4(a), it can be
ob served that the in flu ence of the par ti cle shape on drag co ef fi cient get weaken with the in cre -
ment of L/D. When the value L/D is greater than 3, the drag co ef fi cients of dif fer ent par ti cle are
close at same Reynolds num ber. At dif fer ent Reynolds num ber, the par ti cle shape also has dif -
fer ent in flu ence on drag co ef fi cients. When at the low Reynolds num ber, the drag co ef fi cients of 
dif fer ent par ti cle has big de vi a tion, and with the in cre ment of Reynolds num ber, the de vi a tion
get less. From figs. 4(a) and 4(b), it can be ob served that, when Reynolds num ber is 10, the par ti -
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Figure 4. (a) Drag coefficient of cylinder particle to Re with different value of L/D, (b) to L/D at Re of 10
and 150 

Figure 5. (a) The pressure drag coefficient, (b) the viscous drag coefficient



cle with larger L/D has a larger drag co ef fi cient, and when Reynolds num ber is 150, the drag co -
ef fi cient de creases with L/D firstly and then in creases. This is be cause of that, with the in cre -
ment of L/D, the shape char ac ter of cyl in der par ti cle ap proaches that of in fi nite cyl in der. From
the flow re gime di vi sion in [9], the flow re gime of in fi nite cyl in der is lam i nar flow with pe ri odic
vor tex shed ding. The pres sure and vis cous drag co ef fi cient are also given in fig. 5 for a fur ther
anal y sis.

As can be seen in figs. 5(a) and 5(b), when the value of L/D is 1, the shape char ac ter has 

a great in flu ence on the pres sure and vis cous drag co ef fi cient, which is con sis tent with the to tal

drag co ef fi cient shown in fig. 4(a). In fig. 5(a), when the value of L/D is greater than 3, the pres -

sure drag co ef fi cients are close at low Reynolds num ber. As can be seen in fig. 6, the par ti cle

with a larger value of L/D has a wake zone with more vi o late vor tex and reaches the vor tex shed -

ding flow re gime sooner. For the wake zone with vor tex has a lower pres sure, the par ti cle with a

larger value of L/D has a larger pres sure drag co ef fi cient when the Reynolds num ber is 150. For

the vis cous drag co ef fi cient, from fig. 5(b), it can be seen that the value of L/D has a big in flu -

ence on the vis cous drag co ef fi cient at low Reynolds num ber. When the value of L/D is greater

than 3, the vis cous drag co ef fi cients are al most same at Reynolds num ber of 150. With the co op -

er a tion of pres sure and vis cous drag co ef fi cient, the to tal drag co ef fi cient shows the spe cial var -

ied ten dency with the Reynolds num ber and value of L/D.

Con clu sion

In this pa per, nu mer i cal study was con ducted to the drag co ef fi cient of SCW
cross-flow past the fi nite cyl in der bio mass par ti cle at low Reynolds num ber. Con sid er ing the
flow re gime cor re spond ing the study Reynolds num ber range, a lam i nar in com press ible flow
model and a full com pu ta tional flow do main were used in this work. From the sim u lated re sults,
it can be con cluded that:
· There is no dif fer ence for the drag co ef fi cient, in clud ing the vis cous and pres sure drag co ef fi -
cient, of cer tain cyl in der par ti cle be tween at am bi ent con di tion and at subcritical and super criti -
cal con di tion.
· The in flu ence of shape char ac ter on the co ef fi cient get weak ens, with the in cre ment of the ra tio 
of length to di am e ter. In the range of Reynolds num ber from 10 to 150, for the pres sure drag co -
ef fi cient, the shape char ac ter has a larger in flu ence at high Reynolds num ber. On the con trary,
for the vis cous drag co ef fi cient, the in flu ence is larger at low Reynolds num ber.
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     Figure 6. Flow field at the center cross plan of the cylinder at Re =100; (a) L/D = 1, (b)  L/D = 5, (c) L/D = 10
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No men cla ture

Cd –  drag co ef fi cient
Cdp –  pres sure drag co ef fi cient
Cdv –  vis cous drag co ef fi cient
D –  cyl in der di am e ter, [m]
Fd –  drag force, [N]
Fdp –  pres sure drag force, [N]
Fdv –  vis cous drag force, [N]r
i –  unit vec tor in X di rec tion
L –  cyl in der length, [m]r
n –  unit nor mal vec tor of sur face
p –  pres sure, [Pa]
Re –  Reynolds num ber (=ruD/m)
S –  sur face area, [m2]r
u –  ve loc ity, [ms–1]
u –  mod ule of ve loc ity, [ms–1]

Greek symbols

r –  density, [kgs–3]
m –  viscosity, [m2s–1]

Sub scripts

d –  drag
p –  pres sure
v –  vis cous

Ac ro nym

SCW       –  super criti cal wa ter


