
~ )  Pergamon 
Int. J. Heat  Mass  Transfer. Vol. 40, No. 8, pp. 1923-1935, 1997 

© 1997 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

0017 9310/97 $17.00+0.00 

PII : S0017-9310(96)00252-9 

Prediction in stratified gas-liquid co-current 
flow in horizontal pipelines 

P. L. S P E D D I N G  

Department of Chemical Engineering, The Queen's University of Belfast, Belfast BT9 5AG, 
Northern Ireland, U.K. 

and 

N. P. H A N D  

Du Pont (U.K.) Ltd, Maydown Works, Londonderry, BT47 ITU, Northern Ireland, U.K. 

(Received 1 March 1995 and in final form 9 February 1996) 

Abstract--The predictive performance of existing models based on momentum balances has been shown 
to be generally unsatisfactory. An iterative procedure was developed for the prediction of pressure drop 
and holdup that incorporated new relationships for the interfacial and liquid friction factors in the 
solution of the phase momentum balance equations for two phase horizontal co-current flow. The method 
adequately predicted data for the film plus droplet, annular roll wave and stratified type regimes. Successful 
performance was achieved regardless of fluid properties or pipe diameter. For gas flow rates, where non- 
uniform stratified flow with an interfacial level gradient occurred, this method of prediction was inaccurate 
and open channel flow theory recommended. Thus the model did not apply to the intermittent or non- 

uniform flow regimes. © 1997 Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION 

Despite numerous theoretical and experimental inves- 
tigations into gas liquid pipe flow, no general models 
are available that reliably predict frictional pressure 
loss and liquid holdup in horizontal flow. Spedding et 
al. [1-4] have reviewed the prediction performance of  
various holdups models, while Spedding et al. [5-9] 
have reported on pressure loss prediction methods. 

However,  as Spence and Spedding [5], Xiao et al. 
[10] and Spedding et al. [2, 4] have shown, all suc- 
cessful models were of  limited usefulness, being among 
other things flow regime dependent. Better agreement 
between experiment and theory was found when a 
phenomenological  approach was used to model gas 
liquid flow. 

A useful approach has been to model  two-phase 
stratified flow using one-dimensional momentum bal- 
ances over each phase. The pressure loss came from 
the resistance between the pipe wall and the phases 
and from interfacial effects. 

Figure 1 illustrates the principal geometric par- 
ameters and shear forces developed in co-current 
smooth stratified flow. A one-dimensional momentum 
balance across each phase produced 

-- AL (dP/dL)L --ZWL" S L - ~ -  Z i " S i --pLALg sin ~ = 0 

(1) 
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The shear stresses are defined 

rWL =)eL P 2  V~- (3) 

Zwo = f6  P ~  (4) 

(F  G - VL) 2 
ri = f p o  2 (5) 

The parameters AL, A~, SL, SG and S~, are geometric 
functions of  the dimensionless liquid height, hL/D, and 
are detailed in the Appendix. 

Figure 2 presents the result graphically for the liquid 
gas turbulent-turbulent  case. Single-valued solutions 
to the overall relation were obtained only if Y >~ - 3.8 
according to Landman [11]. 

For  uniform stratified flow in a horizontal pipeline 
(dP/dL)L =(de /dL) f  = ( d P / d L ) ~  and ct = 0. There- 
fore by adding equations (1) and (2) an expression for 
the liquid-wall,  shear stress is obtained. 

- (dP/dL) f A  - -  "EWG S~3 
rWL = (6 )  
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NOMENCLATURE 

A cross-sectional area 
D pipe diameter 
f friction factor 
g acceleration due to gravity 
h film height 
h~ dimensionless liquid film height of 

equation (10) 
k~ variable, equation (23) 
(dP/dL)L pressure loss per unit length of 

pipeline in liquid phase 
(dP/dL)~ pressure loss per unit length of 

pipeline in gas phase 
hold-up 

Re Reynolds number 
S perimeter 
V velocity 
X Lockhart-Martinelli [26] parameter 

[(dP/dL)L/(dP/dL)GI ~/2 
Y Lockhar~Martinelli  [26] parameter 

(((PL-- PG)g sin oO / (dP /dL )G ). 

Greek symbols 
angle of inclination of the pipe with 
respect to the horizontal, with angles 
downward in the direction of the flow 
assumed to be positive 

fl input volumetric ratio 
p density 
rc characteristic shear stress of equation 

( l l )  
Zw wall shear stress 
v kinematic viscosity. 

Subscripts 
f friction 
G gas phase 
i interface 
L liquid phase 
S superficial. 

Superscript 
dimensionless parameter. 

Flow 

Fig. I. Smooth stratified flow in a pipeline. 

Spedding and Hand [7, 9, 12] have shown that the 
relation assigned to the interfacial shear was of crucial 
importance and have discussed and evaluated the vari- 
ous approaches which have been used. Some of these 
have proved to be useful and will be used in this work. 
Others will be mentioned as they are useful to the 
discussion. 

Agrawal et al. [13] assumed the ga~liquid interface 
to be hydrodynamically smooth with f, calculated 
using the Ellis and Gay [14] interfacial friction factor 
defined by equation (7). 

f = 1.293Re~ °Sv. (7) 

Cheremisinoff and Davis [15] proposed a model for 
turbulent liquid, turbulent gas stratified flow in pipe- 
lines utilizing the interfacial friction factor relation- 
ships proposed by Cohen and Hanratty [16] and Miya 
et al. [17] for two-dimensional small amplitude waves 
and roll waves as defined by equations (8) and (9), 
respectively. 

f = 0.0142 (8) 

f = 0.008+2 x IO-SReL. (9) 

Neither of the models by Agrawal et al. [13] and 
Cheremisinoff and Davis [15] predicted satisfactorily 
according to Spedding and Hand [7, 9]. 

Andritsos [18] conducted experiments in horizontal 
pipelines having diameters of 0.0252 m and 0.09525 
m with liquid viscosities ranging from 1 to 80 cp. An 
iterative solution to the phase momentum balance 
equations (i.e. equations (1) and (2)) was proposed 
with new equations for the liquid wall shear stress 
(rwL) and interfacial friction factor (f) .  He suggested 
that TWL could be predicted using a correlation for 
dimensionless liquid film height (h +) and the liquid 
phase Reynolds number which was capable of 
accounting for changes in the liquid phase velocity 
profile caused by gas drag at the gas-liquid interface. 

h~ = [(1.082Re°S) 5 + [0.098Re TM/(1 -hL/D)°5]5] °2 

(10) 

[-h + yL]2[-hL] 2 
= O tT j (11) 
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Fig. 2. The Taitel and Dukler [25] relation between liquid level and the Lockhart-Martinelli parameter 
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A novel correlation was proposed for f ,  when the 
gas superficial velocity was in excess of the velocity 
necessary to initiate large amplitude roll waves, i.e. 
(VsG)t, w i th f  defined by equations (13) and (14) for 
smooth stratified/stratified ripple flow and stratified 
roll wave flow, respectively. 

- - =  1 tbr Vse <(Vm)t (13) 
fo 

f 1 + .  _FhLq°"l- Vso 1 "L J - l  (14) 

Spedding and Hand [7] showed that the model pre- 
dicted pressure loss satisfactorily in the stratified long 
and short roll wave and droplet regimes 

JL.O = 16Ret,~ ReL,c < 2100 (15) 

fLG = 0.046Ret, °2 ReL,c > 4000. (16) 

Kowalski [19] demonstrated that measurements of 
fo  were accurately predicted by the Blasius equation 
defined by equation (16), but the liquid-wall friction 
factor did not follow the Blasius relation, but a cor- 
relation of the type 

fL = 0.263(RL ResL)-°5. (17) 

Kowalski [19] compared direct experimental measure- 
ments of the interfacial stress extrapolated from Rey- 
nolds shear profiles to indirect values determined from 
the momentum balance equation and showed a 13- 
20% deviation. Interfacial friction factor relationships 

were proposed for smooth stratified and stratified- 
wavy flow defined by equations (18) and (19), respec- 
tively, 

f = 0.96Res °52 (18) 

f = 7.5 x 10-SRL °25 Re~ °3 Re~ °83. (19) 

Hart et al. [20] investigated stratified flows with small 
liquid hold-up values (/~L < 0.06). A complex inter- 
facial relationship was proposed which accounted for 
the distortion of the gas-liquid interface into a cres- 
cent-shaped film. Spedding and Hand [12] have shown 
excellent agreement existed between the Hart et al. [20] 
model and experiments (<  ___ 15%), with successful 
prediction of hold-up for the stratified and annular 
type flow regimes and for pressure drop prediction for 
the film plus droplet, annular wave and droplet and 
the droplet regimes. 

In this investigation an extensive data bank com- 
piled from pipelines with internal diameters between 
0.025 m and 0.0953 m and systems with liquid vis- 
cosities between 0.001 N s m -2 and 0.1 N s m -2, was 
used to evaluate model predictions. The full range of 
stratified flows were considered varying from a 
smooth gas-liquid interface to a wavy crescent-shaped 
interface approaching annular flow. Results showed 
the methodology used to calculate the liquid-wall and 
gas-liquid interfacial shear stresses were of impor- 
tance in prediction of frictional pressure loss and hold- 
up in pipelines. Correlations for both the liquid-wall 
and interfacial friction factors were proposed which, 
when substituted into the one-dimensional momen- 
tum balance for stratified flow, gave accurate hold-up 
and pressure loss prediction. 
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Fig. 3. Re against log (X) with the smooth stratified flow data of Hand and Spedding [21], D = 0.0935 m, 
- -  Taitel-Dukler [25] relation. 

2. EXPERIMENTAL DATA BANK COMPOSITION 

Hold-up and pressure loss data for two-phase co- 
current ai~liquid flow in horizontal pipelines were 
utilised in evaluating stratified flow models. The data 
were obtained on 0.0935 m i.d. pipe by Hand and 
Spedding [21], on 0.0508 m i.d. pipe by Spedding and 
Ferguson [22], on 0.0935 m and 0.02515 m i.d. pipe 
by Andritsos [18] and on 0.0454 m i.d. pipe by Nguyen 
[23]. 

3. NON-UNIFORM STRATIFIED FLOW 

An interfacial level gradient (ILG) can be present 
on stratified flows in horizontal pipelines at low gas 
velocities when the gas moves independently above 
the liquid. Such non-uniform flow can affect liquid 
hold-up measurement and flow pattern transitions, 
and can incur error because holdup varies along the 
pipeline. Bishop and Deshpande [24] have shown that 
the effect of ILG was magnified with either increased 
liquid viscosity or pipe diameter. In stratified flow 
experiments they recommended that pressure loss 
should be measured in each phase because the ratio 
(dP/dL)L/(dP/dL)c was a quantitative measure of 
ILG. They proposed that a smooth stratified flow 
became uniform on satisfying the phase momentum, 
balance equations or the non-dimensional Taitel and 
Dukler [25] equation. Figure 3 shows the smooth 
stratified flow hold-up data of Hand and Spedding 
[21] for air-water, air-78 % (wt/wt) glycerine and a i r -  
83% (wt/wt) glycerine systems plotted against the 
dimensionless Lockhart-Martinelli  [26] parameter X, 

for liquid-gas laminar-turbulent flow. The extent of 
deviation between experimental hold-up and the 
Taitel and Dukler [25] prediction was a quantitative 
measure of ILG. In agreement with visual obser- 
vations, viscous glycerine solutions exhibited signifi- 
cant ILG. Figure 4 shows the interfacial level profile 
measured by Andritsos [13] along a pipeline using a 
series of conductance probes. Under non-uniform 
flow conditions liquid hold-up was insensitive to 
changes in gas velocity and dependent solely on the 
location along the pipeline length. Increased gas velo- 
cities acted initially to depress the ILG rather than 
reduce the liquid height until uniform flow was 
obtained. Consequently the area of the stratified flow 
regime was expanded in a flow regime map similar to 
stratified flows in slightly downwardly inclined pipe- 
lines, until uniform flow was obtained. 

4. ESTIMATION OF THE GAS-WALL SHEAR 
STRESS (ZwG) AND LIQUID-WALL SHEAR STRESS 

(~wO 

The experimental single phase gas wall friction fac- 
tor data measurements were in all cases consistent 
with the turbulent Blasius equation (16). This was in 
agreement with other investigators such as Taitel and 
Dukler [25] ; Andreussi and Presen [27] and Kowalski 
[19]. However, liquid-wall friction data were in error 
with this type of approach. Values of the liquid-wall 
shear stress were estimated from measurements of 
liquid hold-up and pressure loss using equation (6) by 
assuming fG was accurately predicted from equation 
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(16) for turbulent gas flow. Non-uniform stratified 
data flows with an interfacial level gradient were 
excluded from the analysis because (dP/dL)L ¢ 
(dP/dL)c. Uniform liquid gas laminar-turbulent 
stratified data were greater than equation (15) by on 
average 25%, as shown in Fig. 5. Equation (20) was 
found to be a better fit of the experimental data for 
both smooth and wavy interfacial conditions when 
ReL < 2100. 

fL = 24ReL I. (20) 

An example of the values offL determined for tur- 

bulent-turbulent flow are shown in Fig. 6. The Blasius 
equation underestimated fL for wavy stratified 
patterns. Deviation between the data and the Blasius 
prediction increased with increasing gas velocity. The 
same phenomenon was described by Andreussi and 
Persen [27], Andritsos [18] and Kowalski [19]. 
However, Andreussi and Persen [27] reported that the 
deviation reached a maximum at the onset of roll 
waves. The latter was in obvious disagreement with 
Fig. 6. 

The above phenomenon demonstrated a definite 
effect of gas drag on the liquid velocity. Momentum 
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exchange across the gas-liquid interface increased the 
liquid velocity and consequentlyf.  

Andritsos [18] proposed an alternative approach 
for calculating rwL based on the analysis of Cher- 
emisinoff and Davis [15] (cf. equations (10)-(12)). 
However Fig. 7 shows an example of the inaccuracy 
of the method. 

A better approach was presented by Kowalski [19], 
as shown by Fig. 8. The scatter of the data was greatly 
reduced by including the product of liquid hold-up 
RE and ResL as the abscissa. This modified Reynolds 
number indirectly accounted for gas drag at the inter- 
face because hold-up varied with gas velocity. 
However, the equation suggested by Kowalski [19] 
did not compare well with the air-water data of 
Andritsos [18] and Hand and Spedding [21] and a 

more accurate correlation was developed as defined 
by equation (21). 

j~_ = 0.0262(Re ResL) 0.,3~ (21) 

5 .  E S T I M A T I O N  O F  T H E  I N T E R F A C I A L  F R I C T I O N  

F A C T O R  

The apparent interfacial friction factor was esti- 
mated using the experimental measurements of pres- 
sure gradient and hold-up, and evaluated against the 
various relationships proposed in the literature. Most 
of the suggested models performed badly. For  exam- 
ple the Ellis and Gay [14] relationship based on the 
single phase gas Reynolds number grossly under- 
estimated f ,  as illustrated in Fig. 9. An improvement 
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equation (17), 

in the quality of prediction was achieved by employing 
the single phase liquid Reynolds number as the cor- 
relating parameter as suggested by Cohen and Han- 
ratty [16] and Miya et al. [17] (cf. equations (8) and 
(9)) as shown in Fig. 10. Kowalski [19] realised that 
the relation was better served by including the effect of 
both phase Reynolds numbers in the form of equation 
(19) for stratified wavy flow. Figure 11 shows a sub- 

stantial improvement in prediction performance. 
However, room for improvement still existed. 

In Fig. 12 a dimensionless plot is given of f / f s6  
against Vs~/6. The numeric 6 possessed dimensions of 
m s-  l and represented the reference superficial velocity 
at which the transition to stratified and roll wave flow 
pattern occurred and ILG became unsustainable. At 
ratios less than one the data showed scatter because 
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m 

I 

1 O0000 

equation (9), 

flow was non-uniform. At the onset of ripples f/fsc 
increased because interfacial roughness became grea- 
ter. Furthermore initiation of large amplitude roll 
waves further augmented the roughness on the inter- 
face and the relationship became linear and was cor- 
related by : 

fso 

The constant kl varied with VsL as shown in Fig. 
13 plotted against (BL)r (where (flL)r represented a 
reference volumetric fraction calculated at the ref- 
erence gas superficial velocity of 6 m s-  1). The reaction 
was correlated by 

ki = 2.78471og~0(BL)r+7.8035 (23) 

VSL 
(flL)r - VsL + 6 (24) 

Equations (22)-(24) allow the interfacial friction to 
be calculated independently of liquid hold-up and pipe 
diameter from input flow rates. Figure 14 shows that 
the proposed relationship accurately predicted 
interfacial friction for all the uniform air water data. 
However, the linear relationship described by 
equation (24) was exclusively for air-water turbulent- 
turbulent flow. Results showed that the laminar- 
turbulent glycerine air data varied randomly 
suggesting the viscous glycerine laminar film dis- 
sipated gas drag differently from the turbulent water 
film at comparable liquid film heights and gas 
rates. 
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6. HOLD-UP AND PRESSURE LOSS PREDICTION 

The prediction performance of the Andritsos [18] 
variation of the momentum balance model for liquid 
holdup and pressure loss estimation was tested against 
data. The model gave poor prediction of liquid hold- 
up but a better result for pressure loss estimation. In 
Fig. 7 it was shown that the method used by Andritsos 
[18] to calculate the liquid-wall shear stress rWL was 
inaccurate. 

However, by substituting equation (21) in the cal- 
culation the prediction of hold-up was improved con- 
siderably. However the pressure loss was then over- 
estimated, which was in agreement with the 
performance of the Andritsos [18] friction factor 
relationship as found in this work. 

These results prove that the prediction of hold-up 
and pressure loss is sensitive to the methods used 
to determine the liquid-wall and interfacial friction 
factors. 

7. A NEW PROCEDURE TO DETERMINE LIQUID 
HOLD-UP AND PRESSURE LOSS 

Incorporating the new relationships for fL and f 
from equations (20)-(24), the following iterative pro- 
cedure is recommended for pressure loss and hold-up 
prediction for stratified type flow patterns. The flow 
rates, fluid properties and pipe diameter are required 
as input variables. 

(a) Assume a value of hL/D (0 < hL/D < 1) then 
calculate the variables AL, A~, SL, S~, Si, and liquid 
hold-up from the geometrical considerations detailed 
in the Appendix. Subsequently evaluate the phase 

Reynolds numbers from the input volumetric flow 
rates. 

(b) Determine phase-wall and superficial gas-wall 
friction factors using the following equations : 

if ReL < 2100, 

fL = 24Re~ I 

if ReL > 2100,f 

J~ = 0.0262(RL ReSL)-°J 39 

if Re < 2100, 

.[~ = 16ReG I 

./s~ = 16Resd 

if Re~ > 2100,f 

.[~ = 0.046Re£ °2 

fsG = 0.046Res °=.  

(c) Calculate the interfacial friction factor using the 
following relationships : 

(i) For ai~water systems use equations (22)-(24) 
to determine f / f s~  

(ii) For air-viscous liquid systems the Andritsos 
[18] method of equations (13) and (14) is 
recommended where (Vs~)t = 5 m s -j at atmo- 
spheric pressure. 

Note turbulent flow is not fully developed until Re6, 
ReL > 4000 [9]. 
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Fig. 15. Comparison between /~L predicted using new procedure and experimental values, with the air- 
water data of Hand and Spedding [21]. 
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Fig. 16. Comparison between pressure loss (N m m-~) predicted using new procedure and experimental 
values, with the air-water data of Hand and Spedding [21]. 

(d) Determine phase-wall and interfacial shear 
stress using equations (3)-(5). 

(e) Calculate phase pressure drops in both phases 
using equations (1) and (2), respectively. 

(f) Compare the calculated phase pressure drops. 
If they do not agree within a tolerance of 0.0001 N 
m -  ~, assume a new value OfhL/D and recalculate again 
at step (1). 

8. EVALUATION OF NEW MODEL AGAINST 
DATA BANK 

Predicted liquid hold-up and pressure loss values 
calculated from the suggested procedure are corn- 

pared with the experimental air-water data of Hand 
and Spedding [21] for a 0.0935 m i.d. pipeline, in 
Figs. 15 and 16 respectively. The improvement over 
previous models can be attributed to the relationships 
for calculating fL and f .  Comparison with the inde- 
pendent air-water data of Andritsos [18] for 0.09525 
and 0.02515 m i.d. pipelines and Nguyen [23] for 
a 0.0455 m pipeline and Spedding and Ferguson 
[22] for 0.0508 m pipeline also shows excellent 
agreement. 

Similarly the laminar-turbulent liquid-gas air-83% 
(wt/wt) glycerine data of Hand and Spedding [21] 
compared accurately with theory as shown by Figs. 
17 and 18. 
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Fig. 17. Comparison between calculated hold-up /~L predicted using new procedure and experimental 
values, with air-83% (wt/wt) glycerine solution data of Hand and Spedding [21]. 

200 , , ~ , , , , j j ~-  
v / 

Flow regime labels ~ s A ( /  
A St I St+RW+D , /K  / • 

St+RW K F+D . ~ ' ~ . /  . , "  

,qX z/ 
e~ ## #~ !##i 

" ~  s, I ' s '  

U _~ / A -  ,* 

x~;'~//" - 

/ ,, /"5 jl.#~. I 

I l 1 I I I I I I I 

10 100 200 
Experimental pressure drop 

Fig. 18. Comparison between calculated pressure loss (N m m ') predicted using new procedure and 
experimental values, with air-83% (wt/wt) glycerine solution data of Hand and Spedding [21]. 

9. CONCLUSIONS 

(a) At low gas non-uniform stratified flow with an 
interfaciat level gradient (ILG) was observed visually 
along the pipeline length, particularly with the viscous 
glycerine solutions. The theoretical criteria of Bishop 
and Deshpande [24] gave good prediction of this 
phenomenon. 

(b) Values of fL and f evaluated indirectly from 
experimental hold-up and pressure loss measurements 
were compared with relationships from the literature. 
Values offL were found to be underestimated by the 
Poiseuille and Blasius equations for laminar and tur- 
bulent flow respectively. New relationships were pro- 
posed that gave more accurate prediction offL- Inter- 

facial friction factors for air-water systems were 
correlated by a new relationship, equation (22). 

(c) An iterative procedure incorporating the new 
relationship forfL a n d f  was proposed in the solution 
to the phase momentum balance equations (equations 
(1) and (2)). Evaluation against an extensive data 
bank comprised of 823 stratified observations verified 
the accuracy of the model. 
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APPENDIX--GEOMETRIC PARAMETERS 

For the stratified flow shown in Fig. 1, the following 
dimensionless parameters follow from geometry. 

= n -  cos 1 (2,~L -- 1) 

So = cos- '  (2,~L -- 1) 

g, = ~ / l  - ( 2 ~ L -  0 2 

AL = 0.25[~-- COS ' (2hL-- 1)+(2hL-- 1) X/1 --(2hL-- 1) 2] 

do = 0.25[cos-' (2hE -- 1) + (2h L - 1) x/1 - (2hl~ - 1) 2] 

d = _  ~ 
4 

SL,G.~ = SL.Gj "D 

AL,G = AL,G "D2 

hL = f i ' D  

1 I 
~ = I--/~L = ~[COS- (2hL-- 1) 

--(2hL -- 1) x/1 --(2hL -- 1) 2] 

VSL.SG 
¢ L , G -  /~L.G 

4AL 
D L = SL 

4A G 
D G -- 

S~ + Si 

ReL = DL "[~GPL/#L 

ReG = DG VGPG/IIG. 


