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UDC 62-762.642.4 Increasing the reliability and service life of dynamic-pump shaft seals is the most im-
portant requirement for their creation. The most common type of seals is still tradi-

PHYSICAL MODEL tional stuffing box seals, which are controlled leakage assemblies that are periodically

AND CALCULATION | restored during operation. A radical change in the design of standard stuffing box seals

is the transition to face packing seals with a constant pressure against the packing. It is
OF FACE PACKING shown that face packing seals can successfully combine the advantages of mechanical

SEALS face seals and the simplicity and relatively low cost of traditional stuffing box seals.
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ing metal surface by the pressure of the medium. In this case, a confusor gap is formed,

Pukhov Institute the length of which is proportional to the ratio of the sealed pressure to the pre-
for Modelling in Energy compression pressure of the packing. The calculation of the distribution of the hydro-
Engineering of NASU, static pressure and gap along the radius of the face joint of the seal is presented. The
15, General Naumov St., irregularity of the contact pressure along the radius, caused by the pressing out of the
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contact surfaces. Expressions are proposed for estimating friction power losses in face
packing seals. It is shown that these losses are significantly lower in comparison with
the power losses in traditional stuffing box seals. Assessment of the thermal state of
face packing seals has been carried out. An expression has been obtained for determin-
ing the flow rate that provides the average contact-surface temperature not exceeding
the permissible value. Our studies have shown that the load factor of face packing
seals, in contrast to mechanical face seals, must be close to unity. The obtained de-
pendencies make it possible to calculate face packing seals at their design stage.
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Introduction

The technical level of modern seals is constantly growing due to the tightening of operating requirements,
which limit or exclude the external leakage of the medium being sealed. Taking into account that the quantity of
operating pumping equipment is growing, leakages through seals result in enormous energy and product pumpage
losses. Large costs are spent on neutralization and utilization of leakages of the media being pumped [1].

Increased requirements are imposed on the reliability and service life of seals, especially with account
taken of the growth of the equipment unit power, automation of continuous technological processes, in which
forced downtime due to failure of seals leads to large economic losses significantly exceeding the costs directly
for seals. Replacing and repairing seals requires that significant costs be spent on payments to skilled manual
workers and expensive materials. For pumping equipment, especially for the shaft seals of dynamic pumps, this
is confirmed by operating experience — up to 70% of pump failures occur due to failure of seals [2].

Any stuffing box seal is an adjustable leakage assembly, that is, the excess of leakage level can be
corrected by moving the pressure device without disassembling the pump. Since the increase in leakage is
determined by the relatively constant wear of the friction pair over time, the possibility of sudden failures of
this design is small. Replacing a stuffing box packing does not require that the pump be removed, and is gen-
erally not considered a pump failure. The resource of the assembly is determined by the achievement of the
maximum permissible wear of the shaft protection sleeve whose replacement requires that the pump be re-
moved and disassembled. Thus, any stuffing box seal is an assembly that can be adjusted and periodically
restored during operation [3].

The most radical change in the design of a traditional stuffing box seal, when constant packing pressure is
applied, is to move to a face packing seal. Such a design has the advantages of a mechanical face seal: automatic
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operation, definite specific loads in contact, good heat dissipation with no need to compensate for shaft runouts
and misalignments [4]. During the period of creating first designs of face packing seals, there was no methodol-
ogy for their calculation and design, which was primarily due to the lack of studies of the processes occurring in
the face pair, as well as the complexity of the physical and mechanical properties of the stuffing box packing. De-
tailed studies of the sealing process, the results of which are outlined in works [5, 6, 7], made it possible to con-
struct its physical model and approach to the creation of a practical method for calculating face packing seals.

Diagram of a Face Packing Seal and its Features

A face packing seal is a mechanical face seal in
which one of the sealing rings is replaced by a stuffing
box packing (Fig. 1). Sealing is achieved due to the face
pre-compression of the packing ring (3) located in the
axially movable sleeve (2) to the support part (4). As in
mechanical face seals, the pre-compression is carried out
by the elastic element (/), and during operation, the pres-
sure of the sealed medium is used for this, which allows

optimum contact pressure at design conditions by select- ) ) 3 Ly
ing an appropriate load factor. When developing face
packing seals, one can use all the best design solutions Fig. 1. Diagram of a face packing seal

accumulated by the practice of mechanical face seals. Thus, face packing seals can successfully combine the
advantages of mechanical face seals and stuffing box seals with their simplicity and relatively low cost [5].

The friction pair, as in traditional stuffing box seals, is formed by solid metal and soft elastic-plastic
surfaces. In traditional stuffing box seals, the frictional surfaces are cylindrical, with the solid heat-conducting
surface (shaft or protective sleeve) rotating, and the stuffing box packing (which has poor thermal conductivity)
being immovable. In face packing seals, frictional surfaces are flat (annular belts), and, as in mechanical face
seals, either the solid or soft surface can rotate. Reduced friction area and improved heat dissipation allow face
packing seals to operate reliably at higher load indicators (sealed pressure and rubbing speed p,v), with small,
close to drip, leakages and increased resource compared to traditional stuffing box seals. Face packing seals
require tens of times lower packing consumption, since instead of a package set one ring is used, and its re-
source increases. The service life of traditional stuffing box seals is largely determined by shaft wear, which
cannot be effectively compensated by lateral packing deformation. In a face packing seal, the wear of the sup-
port ring does not affect the tightness of the assembly, and the magnitude of wear is practically not limited.

Since one of the contact surfaces is a soft packing, the precision machining of friction pairs is not re-
quired. It is required for mechanical face seals where the permissible non-flatness of contact surfaces is no
more than 0.9 um. The performance of mechanical face seals is disturbed by the force and temperature de-
formations of the friction pair, even if their value is within 1-3 pm, and face packing seals are not sensitive
to the elastic deformations of structural elements. As in mechanical face seals, the support ring and / or the
packed bushing have freedom of axial and angular movements capable of compensating technological and
operational misalignments.

Replacing a damaged mechanical face seal requires that the pump be disconnected from the drive,
and this disrupts the alignment of the unit. In a face packing seal, the wearing sealing ring is rolled up from a
piece of the packing and is either removed or inserted into the annular chamber of the stuffing box sleeve
without disassembling the pump.

The practical implementation of the listed features and advantages allows one to significantly expand
the scope of using stuffing box seals while maintaining high reliability and tightness.

Physical Model of a Face Packing Seal

The analysis of the results of the experiments described in [6, 7] made it possible to lay the foundations
for the construction of a physical model of the sealing mechanism of a face packing seal. During the operation of
the seal, the packing is pushed away from the mating metal surface by the pressure of the medium. In this case, a
confusor gap is formed, the length of which is proportional to the ratio of the sealed pressure to the pre-
compression pressure of the packing. Outside the gap, in the area where the packing contacts directly with the
mating surface, the contact pressure increases, and this area plays the main sealing role. Leakages are mainly due
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to the filtration flow through friction pair microlabyrinths. Tak- P prpea

ing into account the variety of packings, liquids being sealed, Fn ] /E—lﬁ

and operating conditions, we will seek an approximate solution | =7 ’ V= j

to the problem of pressure distribution in the contact pair. = -

When constructing a computational model, the choice of sim- Ao = a5

plifying assumptions should be limited by the requirement that E%}r

they do not distort the qualitative pressure distribution picture. AFy= xF., b \ = \
Consider the loading diagram of the packing ring of a S

face packing seal (Fig.2). When analyzing the stress-strain 8Ps mar

state, the packing is considered as an isotropic elastic material
with physical and mechanical characteristics (modulus of elas-
ticity and Poisson's ratio), independent of the loading value.

The external loading of the packing is carried out in
two stages: the pre-compression by the force F, of elastic

Fi| r

Fig. 2. Loading diagram

elements during the installation of the seal into the pump and the final load by the force of the pressure of the
liquid being sealed. The force Fy creates the pre-contact pressure p_, = F,,/ 4, .

From the condition of compatibility of the axial deformations of elastic elements and the packing,
there has been determined that part AF, of the pressure force F, = p,A, of the liquid being sealed which is
transmitted to the packing and is balanced by the hydrostatic pressure force F; in the gap and the additional
contact pressure force F:

AF,=YF,=F,+F,, o))
where y =k, /(k, + k,) is the transfer coefficient, or the basic loading coefficient that shows how much of the
external force F, is transferred to the packing; k;, k, are the coefficients of stiffness of the elastic elements
and packing, respectively.

From equality (1), after calculating the force F;, we find the contact pressure force F. that arises at
the area of direct contact.

The hydrostatic pressure in the gap is determined by simultaneously solving the axial strain equation
for the packing and the radial pressure flow equation. When calculating the deformations of the packing, it
should be borne in mind that the packing is pre-compressed by the force Fyy, and is a pre-loaded element.
The deformation of the packing, or the size of the gap is determined by the formula

h(r)=b(p, = p.o)JE . )

where b=r —r, =b, +b, is the height of the packing ring.
Thus, apart from the presence of microchannels, the formation of the gap is possible only when the
pressure p; at the inlet of the seal exceeds the contact pressure p.y due to the force of the pre-compression of

the packing. As the hydrostatic pressure p, decreases, the gap narrows, and when it becomes equal to the
contact pressure p., the packing contacts with the mating surface (section b,).

Calculation of Face Packing Seals
The flow rate of the radial pressure flow through the flat annular channel with a gap / and length dr,
at which the pressure dp; is throttled, can be represented by the Hagen-Poiseuille formula

Th'r

oudr

and, taking into account (2), we arrive at the differential equation
dr TED ((p, — Do ’ dp,

" _T( E j E

with boundary conditions r=r: p,=p;; r=r;: p;=p.o (the liquid being sealed is supplied from the side of the
outer radius).
Integrating (3), we get

Q:

dp, ,

3)
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24u
nEDL’

Where l|”=(p5_pco)/E" le(pl_pc'O)/E'
From the second expression (4), we can find the flow rate if we know the length of the gap (radius)
nEDL’
Q=—"V 5)
24uln-L
rY

24 7
0 Emi=yi—y', 0 Eml=y] @)

nEL® 1,

or, using the measured flow rate, we can determine the gap length

3 -1
T LY
240
If we exclude the flow rate from formulas (4) by dividing the first expression into the second, then
we obtain the law of pressure distribution in the gap

Y/
q;:wl(l—ln’/ln”sJ :
n/oon

Since the ratio of the radii under the signs of the logarithms is close to unity, then in the expansion of
the logarithms in a series we retain only the linear terms Inr/r = r/r, —1. Then the formula for the pressure

distribution also will take a more convenient form for integration

b

r—r. %
Sp‘vsz_pc():E“Vl[ SJ ’ (6)

where b=r|—r; is the width of the annular strip on which a gap is formed between the packing and support ring.
Substituting the obtained pressure into formula (2), we find the law of variation of the gap along the radius

}/
_ pl_pCO I"—I’TY
h(r)—b—E (—b ] . (7)

N

Having integrated the pressure (6) over the gap, we obtain the hydrostatic force Fj, partially balanc-
ing the external load AF, =xF,

Fv = 1’6nrtva (pl - pcO )(1 + 5 bS + Sbb pCO ] .

91 A1 PP
Now, from the equilibrium condition (1), we can to find the additional contact pressure force F, act-
ing on the annular belt b.=r,—r, where the packing contacts with the support ring
F =Xk, — I,
as well as the additional medium contact pressure

SEC =F, /W(”x2 - ”22)

After some transformations, we reduce the last expression to the form
&p. = 11’1 {kx_o,go{l_ﬂﬂ, (8)

where o= A /A, A, =2mrb, k=A/A .

\

The total contact pressure in the packing at the area of direct contact
ﬁ e = Peo + Sﬁc .
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An approximate estimate of the maximum additional contact pressure can be obtained if we assume that
the pressure dp, at the area of direct contact varies linearly from zero to the maximum value &p,,,.. (Fig. 2).

The used simplified approach based on the analysis of uniaxial deformations does not allow con-
structing the contact pressure distribution along the radius. For this, it is necessary to consider the static prob-
lem of hydroelasticity, taking into account the volumetric stress-strain state of the packing. This problem is
solved by numerical methods [8].

Formula (8) makes it possible to estimate | ,. mn |, 15 16

the value of additional contact pressure and its BOD £ ; P, MPa
irregularity, and also gives a qualitative idea of the 59
influence of the main parameters of the seal on the 55 f{,

working conditions of the packing.
Let us carry out an estimative calculation

56

¥
a7 ﬁ/
l

of the distribution of hydrostatic pressure and gap h

along the radius of the face joint of a face packing » ,’: Py

seal. For example, consider a face packing seal 54 ;

with typical parameters: r=0.06 m, r=0.05 m, 53 ; -

u=5-10* N-¢/m*, E=300 MPa, p,=1.6 MPa, a=0.5, 52 y

k=0.9, ¥=0.8. The results of calculations, using 51 = ="

formulas (6) and (7), are shown in Fig. 3. The flow g =T k pm

rate calculated by formula (5) is 3-107 m%s, which 0 3 10 15 20

is close to the experimentally obtained values ) o )
0=2-107-3-10" m’s [6]. Fig. 3. Distribution of hydrostatic pressure and gap

along the face joint radius

The irregularity of contact pressure along the radius, caused by the pressing of the packing by the
sealed pressure at the inlet section, causes premature wear of overloaded areas, which is why, for packing end
seals, the problem of equalizing the contact pressure along the width of the sealing belt remains relevant [7].

The results obtained make it possible to calculate the friction power loss in the contact pair in the
area of direct contact

N, = NCO[l +-PL (k- 0.80) - 0.2a} N, =0.51fp,,0b(r, + 7, )r, +1,). 9)
Peo

The calculations show that the power of fluid friction is an order of magnitude less than the losses in
the contact area [9].

In the example considered above, at the rotor speed ®=300 s and the friction coefficient f=0.02, the
calculation using formula (9) gives N.=0.478 kW. For comparison, note that in a traditional stuffing box seal
with three packing rings, for the same parameters, the calculated friction power losses are 2.15 kW, i.e. four
and a half times the loss in a face packing seal. Substantial energy savings are another important benefit of
face packing seals.

It can be seen from formula (9) that, in addition to the friction coefficient and peripheral speed, the fric-
tion power is significantly influenced by the pre-compression pressure of the packing and the pressure of the
liquid being sealed, as well as the load coefficient k and the main load coefficient . The calculated power can
be used to evaluate the thermal state of a face packing seal, just as it is done for mechanical face seals.

An approximate estimate of the temperature in the friction zone can be obtained if we neglect the
heat removal through the surfaces of the supporting disk and the stuffing box packing, i.e., if we assume that
heat removal is carried out only by leakages through the face packing seal

N, =pcQAt, (10)

where p, ¢ are the density and specific heat capacity of the liquid being sealed, Q is leakages, At is the incre-
ment of the average temperature of contact surfaces with respect to the temperature of the fluid at the friction
zone inlet area. Comparing (9) and (10), we get

ar = an

CpeQ’
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Unfortunately, the flow rate through a face packing seal, which is included in (11), cannot be esti-
mated theoretically, which is why in design calculations, it has to be taken on the basis of the experience of
operating such seals in similar conditions. More often, the inverse problem is solved: from equality (11), the
flow rate Q- is determined, which is necessary for the average temperature on the contact surface not to ex-
ceed the permissible value Af« to prevent the packing from burning.

The results obtained give a qualitative idea of what is happening on the friction surface of the packing,
and allow a more reasonable approach to the development of reliable and cost-effective face packing seals.

The most important parameter that determines the design and its performance is the load factor
(unlike for mechanical face seals), its value, as a rule, should be close to unity. Two areas of sealed pressures
can be distinguished

— low pressure area <0.5 MPa; in this area, reliable sealing is ensured by load factors k=0.9-1.1;

— high pressure area> 0.5 MPa; in this area, the load factor must be k>1.

Conclusions

The scheme and physical model of a face packing seal, which made it possible to explain its main
features, are described. During the operation of a face packing seal, the packing is pushed away from the
mating metal surface by the pressure of the medium. As a result, a confuser gap is formed. Its length is pro-
portional to the ratio of the sealed pressure to the pre-compression pressure of the packing. Outside the gap,
in the area of direct contact of the packing with the mating surface, the contact pressure increases, and this
area plays the main role in sealing. Leakages are mainly due to the filtration flow through irregular micro-
labyrinths in the friction pair.

An analysis of the distribution of hydrostatic pressure and gap along the radius of the face joint of a
face packing seal is carried out. Expressions for determining the friction power losses in face packing seals
are obtained and compared with the power losses in the traditional design. Dependencies are proposed to
conduct the thermal calculation of face packing seals.

The results of theoretical studies can serve as a basis for creating methods of calculation of face
packing seals.
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®iznyHa MoeIb i pO3PaxXyHOK TOPIOBOI0 CAILHUKOBOIO YIiJIbHEHHS
C. C. llleBuenko

[rctutyT npobnem moaemoBanus B enepretui im. I'. €. [TyxoBa HAH Ykpainu,
03164, Yxpaina, m. Kuis, Byn. ['enepana Haymona, 15

Iiosuwenns naditinocmi i pecypcy yujiibHeHb 6aié OUHAMIYHUX HACOCIE € HAUBANCIUBIUION BUMO20I0 NI0 Yac
ix cmeopenns. Haubinouw nowupenum munom yujiibHeHb 3a1uularomscs mpaouyitiHi CaibHUKO8I YWilbHeHH s, KL 16-
JAII0OMb cOO0I0 8Y3/IU 3 Pe2ybOBAHUM BUTNOKOM i NepiOOUYHO 8IOHOBII0IOMbCA 8 npoyeci ekcnayamayii. Paouxansroro
3MIHOW0 KOHCMPYKYII MpaouyiiHo20 CanibHUKOB020 YWIIbHEHHs € nepexio 00 mopyoeo2o CAlbHUKOBO20 YUjilbHEeHHS 3
NOCMIUHUM MUCKOM HA HabusanHA. Tlokasano, wo mopyosi carbHUKO8I YWibHEeHH MOXCYMb YCRIUWHO NOEOHY8AMU 8
co0i nepesazu MexaHiUHUX MOPYOBUX VWYITbHEHb I3 NPOCOMOIO | NOPIGHAHO HU3LKOIO 6APMICMIO MPAOUYTUHUX CATb-
Hukosux. Mexaniune mopyose yujiibHeHHs, 8 AKOMY OOHe 3 YWINbHIOIOUUX Kileyb 3AMIHEeHO CANbHUKOBOI0 HAOUBKOIO,
Mae nepegazu, iKi Cymmeso po3uuproioms cgepy 3acmocy8aniss mpaouyitiHux catbHUKosux yuinoHens. Onucano cxe-
My i @izuuny Moodenb pobomu mopyoeo2o CalbHUK08020 YWiibHeHHs. B npoyeci pobomu ywinenenus nabuska giomic-
HAEMbCA 8I0 BIONOBIOHOT Memanesoi nogepxni muckom cepedosuwia. Ilpu ybomy ymeopoecmocs KOHPY30pHUiL 3a30p,
NPOMSAACHICIb AKO20 NPONOPYILIHA BIOHOWEHHIO TMUCKY, WO YWITLHIOEMbCS 00 MUCKY NONEPEeOHb020 CIMUCHEHHS HAOU-
sxu. Haseoeno pospaxynox po3nodiny 2iopocmamuunozo mucky i 3a30py no paoiycy mopyoso2o CMmuKy YujiioHeHHs.
Hepigenomipnicme konmaxmnozo mucky no padiycy, wjo 00ymMo8ieHa 8i0NCUMOM HAOUBKU YWITbHIOBAHUM MUCKOM HA
BXIOHIN OINSAHYI, BUKIUKAE NEPedYaCHUll 3HOC NEPesAHMAdCEHUX 00aacmell KOHMAKMHUX NOBEPXOHb. 3anponoHoeaHo
8Upasu 051 OYIHKU 8Mpam HOMYHCHOCMI HA Mepms 8 MOPYOBOMY CATbHUKOBOMY yujinbHenni. Tlokasano, wo yi empa-
mu ICIOMHO HUdiCue NOPIGHIHO 3 6MPAMAMU ROMYICHOCTNT Mepmsi 8 MPAOUYTUHOMY CATbHUKOBOMY YinbHenHi. 1Ipo-
8€0€HO OYIHKY MeNnio8o20 CMaHy mopyogo2o CAlbHUK08020 ywjintbHeHHA. Ompumano eupas 0 U3HAYEHHS BUMOKY,
AKuil 3a0e3neyye cepeOHio memnepamypy Ha KOHMAKMHIN NOBEPXHI, WO He nepesuuyye 0onycmumo2o 3nadenus. Jlocui-
00ICEeH sl NOKA3AU, WO KOepiyicHm HABAHMANCEHHS MOPYOBUX CATbHUKOBUX VWITbHEHb, HA GIOMIHY 6i0 MeXAHIYHUX
MOpYOBUX VIYinbHelb, NosUHeH Oymu 0ausbKuil 00 0ounuyi. Ompumani 3a1exiCHOCMI 00380JIAI0Mb GUKOHYEAMU PO3Pd-
XYHOK MOPYOBUX CAIbHUKOBUX YWIIbHEHb HA eMani ix npoeKmy6anHs.

Knrouosi cnosa: mopyoge canvruxose yujinbHenns, Qizuuna mooeinb, po3nooil KOHMAKMHO20 MUCKY, 0COOIUBOCII
NPOEKMYy6aHHs.
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