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THE WALL-JET RING-DISC ELECTRODE 

PART I. THEORY 

ABSTRACT 

I KODUCTION 

The term “wall-Mel” descrrbed the flow due to a JCL of fluid strlhtng d plane 
surface at right angles and spreading out radtally over that surface The fluid motion 
has been descnbcd by Glauert [I] for both lammar and turbulent flop Yamada and 
Matsuda [2] derlvcd Jnd tested expenment~lly an expression for the llmltlng current 
under lammar flow when ‘I Jet IssuIng from d small clrcuk nozzle lmplngcs 
normally on the centre of a disc electrode Applications of this system have Included 
an electrochrmrcal detector for a wade range of organtc compounds as dn altcrnatt\c 
to spectrophotometnc detection m HPLC [3.4] Pungor et al. [5-71 have qtudled the 
wall-Jet electrode under turbulent flow. The stagnation region where the Jet hits the 
electrode surface has been lnvestlgated by Chm and Tsang [S] and Chm and 
Chadran [9] have considered d rmg-disc eiectrocie with a Jet Impmgmg from ct large 
nozzle. such that there 1s umform flow to the disc 

In thtb paper we constder the wall-let rmg-dtsc electrode (WJRDE) wtth smdll 
circular no=Ie. We ftrst drscrtbe the veloctty profiles for the flow m the system We 
then present a general method of trsnsformmg the convective dlffuslon equation Into 
the same form ds thdt for the rotdttng rmg-dtsc electrode. This dllows us to obtatn 
expreqstons for the lmuting currents at the disc and rmg electrodes. for the collection 
efftclrncy and for the descnptlon of dlffuslon layer tltratlon curves 
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WALL-JET VELOCITY PROk-ILES 

The coordmates for the wall-Jet ring-disc electrode are displayed In Ftg 1 b 
We start by consldenng the vanatlon of the velocity components. 1~ In the radial 

directlon and o m the directlon normal to the wall electrode. with vrl. \\here q IS a 
dlmenslonlcss parzme!cr descrlblng distance normal to the wall clcctrode FoIlox\ lng 
Glauert [I] wt’ have 

q = (135M,1/32~‘r~)“~z (1) 

where 
> 

Ai; kJv~‘,‘277-‘cr- (7) 

Y is the hmematlc \lscosity. k IS a constant determmed by evpenment to be 0 86 [2]_ 
Vr IS the volume flow rate and a IS the diameter of the Jet 

Glauert [I] sholbed that the radml veloaty component II. 15 green b, 

II = ( 15M/2Vry2f’( 77) 

where 

f’(V) = @g/3)(1 - gl) 

f(9) =s7 

and 

(3) 

(4) 

9 = In[( 1 + g -k g’)“‘/( I - g)] + 3’/” tan- ’ [3’/‘g/(2 + g)] (6) 

As g vx1e.s from 0 to 1, q vanes from 0 to mfuuty 
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To fmd the velocity component m the dIrectIon normal to the electrode we USC 
Glduert’s result [I] for the stream function 4 

n-= - a+jar (7) 

dnd 

l$ = (40MlW3/3)“Af(17) (8) 

From eqns (1). (7) and (8) me obtam 

c = $(40Mv/3r’)“‘h(q) (9) 

LL here 

h(s) = (5/3)71f’(71) - f(v) (10) 

From eqns (3) and (9) It can be seen that both II and G decrezz as r tncreases. In 
Fig la we show how u and u vary ulth q by p!ottlng the function f’(q) for II and 
h(p) for c rhcse functions were calculated by taking different vJues of g and ublng 
eqns (4). (5), (6) and (10). It can be seen that. as one might clprct, the radial 
\cioclty component IT zero at the wall. passes through a maiumlum at 17 = 2 03 and 
then dechnes bath to zero. The behavlour of o IS more mterestlng Starting from zero 
at the ~a11 It rises at first with a parabohc dependence: It then passes through a 
maxImum at 9 = 2 31 and drops hach to zero at 1) = 3 96 For these VAUCS of q the 

flop IS a~ca) from the wall For larger vAues of 4. h(q) IS neg,ttrve reachmg ct 
hmltlng value of - 1 In this rcglon flow IS to\\ards the ~~11 There 1s therefore .x 
vital bounddry at 17 = 3 96 which dlvldes the solution mto a region where flow IS 
away from the electrode from the region \\here flow IS tcbvards the electrode This 
boundary and schemattc stream lines are depicted tn Ftg lb The boundary should 
mean that the electrode only sees fresh solutron that has Jtiht passed through the Jet 

We shall be particularly interested In the beha\tour of 14 and o close to the 
electrode surface where q -=K 1. From eqns (I). (3), (3), (5), (6). (9) and (10) ore find 

g=-:t7 

u ?__O = $( 15M/2vr~)“~~ (11) 

t- q_0 = (7/36)(40M~,/3rj)‘,‘~~’ (12) 

and 

f ,,_o = (7/8)(=/+,-0 (13) 

Equation (I 3) arlses frcm the contmulty equation 

a( /x4)/i+ + a(rc;)/& = 0 (14) 

We now generahse this relatton for dny rtng-dtsc electrode If 11 has the general form 

I( rr_0 = c-z/r”’ (15) 
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the from eqn. (14) 

V q_*=:(r?I- i)C2/r"'+ 

and 

(16) 

V q-0 ='r(m- l)(~/r)u,_., 

For a RRDE m = - 1 whtle for a WJRDE, from eqns (1) and (11) nz = 1 l/4. For a 
wall-Jet electrode from eqns. (1) and (11) 

C wJ = ([5M]“,‘216v5)“’ 

whrle for a rotatmg disc electrode [IO] 

c = * 
i?D - 

0w+- I/’ 

where W is the rotation speed in Hz 

(17) 

THE CONVECIIVE DIFFUSION EQUATION 

We now solve the convlrtrvc diffusron cquatron descnbmg transport of an 
electroacttvc specxs of concentration c to the nng-disc electrode 

u ac/ar+V at/a== D a2c/a=2 (18) 

The radial dtffusion term which IS negligtblc has been onutted In solvmg eqn (18) 
we shah make use of the results for the rotating ring-dtsc electrode and present & 
general treatment for solving eqn. (18) where u and v are gtven by equattons of the 
form of eqns. (15) and (16) respectrvely. 

By defining the followrng dtmenstonless vanables we can transform eqn (18) mto 
a common form 

x = (4q/q”3( r7/3/rl/9(~~--I))z 

5,= (M-X- (+/Q-,)’ 

and 

Y=(L-cC,b/Cz 

where 

4=4(5--m) 

ra = 0 

( 19) 

(20) 

(21) 

p defines w rth 
= p 2 for p 3 for 
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The current at the disc (p = I) or the ring ( p = 3) electrode IS given by 

Irl= 27;nFD j” r(&/ik),_,,dr 
r-- I 

(24) 

1% hcrc 

s; = (@,Y’- (r,-,/G (25) 

and we have used eqns. (19) and (20). The valuable feature of this equation IS that 
the currents on the r:ng and disc electrodes can bc found from the IntegrA morh,rng 

from the common cqn (23). It IS helpful here to defane parttculnr geometrac 

parameters for the geometry of the ring-disc electrode which are related to the three 
values of [L We follow our orIgIna notation for the ring-dtsc electrode [I l] For the 

disc- 

.$; = 1.0 (26) 

For the gap 

Cr=.$;=(Q-,)~- 1 (27) 

For the ring 

/3=,$=(r?-/$J)/rP (28) 

From cqns. (15) and (22) for the rotatmg disc system 4 = 3 uhlle for the Wall-Jet 

system q = 9/S. 

il\IITING CURRENTS ON THE DISC AND RING ELFCTRODM 

We now use eqn (23) to calculate the hmitlng currents on either the disc or the 
ring electrode. The boundary condltlons for y dre 

X-a v+o 

.$=o y=o 

x=0 y= -1 

Laplace transformation of eqn (23) followed by solution of the dIfferentId equation 
m terms of an An-y function gives 

7 = - Al( s”‘x)/sA~(O) 

from whxh we obtam 

Substltutlon shows that for the wall-jet disc electrode the current density varies with 
r-5/‘4, the electrode IS certamly not umformly accessible. Integration give\ 

~%x’~x)odS, = 3”3( <;)“3/2r(4/3) (29) 
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For the rotating disc electrode it is satisfactory that substitution of eqn. (29) in eqn. 
(24) with .$; = 1 and q = 3 gives the Levich equation. For the wall-jet disc electrode 
with 6; = 1 and q = 9/S we obtain 

i,,= . 1 
. 

S9k~‘FD2/3v-S/‘2V13/4=- p3/4c 
?o (30) 

It is also satisfactory that this result is identical with that of Yamada and Matsuda 
[2] who obtained it by considering a general relation derived from the stream 

function_ 

For the ring electrode for either the rotating or the wall-jet systems we find from 

eqn. (24) and eqn. (29) 

‘R-L = B 2/3 - 
‘D-L (31) 

where f3 is defined in eqn.-(28). 

THE COLLECTION EFFICIENCY 

We now consider the collection efficiency of the ring-disc electrode. We assume 
that the bulk concentration of the species generated on the disc is zero. So we 

redefme y to be 

y = c/c, 

where c, is the concentration of the species on the disc surface_ We assum,o that this 
concentration is uniform. This will be achieved either if the disc electrode is passing 
its limiting current when c, will equal the bulk concentration of the precursor, or if 

the electrochemical system is reversible. The case where the system is irreversible and 
the current is much less than the limiting current will be considered in a subsequent 

paper. 
From eqn. (24) we can write for the collection efficiency, IV& 

The boundary conditions for y are 

All zones X-m Y+o 

Disc x=0 y=l 

Gap x=0 @y/ax) = 0 

Ring x=0 y=o 

These boundary conditions are the same for 

systems, so we can conclude straightaway that 
same relation as for the rotating ring-disc [ 111 

both the rotating disc and wall-jet 

NO for the,wall-jet system obeys the 

~,=1-F(cr/B)+~2’3[1-F(~)]-(l+~+~)2’3[l-F(~~~~)~l+~+~))] 

(3i) 

where 
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TABLE 1 

Gap and nng parameters to be used in eqn. (32) for N, 

Rotating ring-disc (r=i/r,P - 1 tra/r*P -_(Tz/r,)3 
Wall-jet ring-disc (rz/r, P’s - I (r3/r,)9’8 -(Qr*)9’8 
Double channel * (/z/r,)- 1 (r,/r,)-(r,/r,) 

u Measunng from the upstream edge of the upstream electrode. the gap hes between I, and l2 and the 
downstream edge of the collecting electrode is at I, 

F(8) =$n( (1 +e”3)3 3 

1+8 > 
+Gtan 

\ 
-I( 2”;;; ‘)+$ 

and where cx and /3 are defined in eqns. (27) and (28). Results for a and /? are given 
in Table 1. It is interesting that double electrodes set in the side of a channel or of a 
tube also obey the same differential eqn_ (23). Braun [12] showed that for these 
eIe&odes the collection efficiency is also given by eqn. (32) with the definitions of CY 
and /3 given in Table 1. In Table 2 we compare collection efficiencies for common 
radius ratios for the wall-jet and rotating systems_ It can been seen that the 
collection for the wall-jet system is about 60% lower than that for the rotating 

system. This is because, as discussed above, the current density is not uniform in the 
wall-jet system; more material is generated near the centre of the disc and is 
therefore lost through the thin diffusion layer to the bulk of the solution. 

DIFFUSION LAYER TITRATION CURVES 

In a diffusion layer titration curve a species such as Br, is generated on the disc 
electrode and collected on the ring. During its passage from the disc to the ring the 

Brz may react with the target species to be determined 

Disc... Br-+ *Br, + e 

So!%ion . _ _ Br, + X + 

Ring... $Brt + e ---, Br- 

The ring current as a function of the disc current has the shape shown in Fig. 2. 
Initially no ring current is seen because all the Br, is consumed by X before it 
reaches the ring. There is then a curved portion where the bromine dominated region 

spreads across the ring electrode_ Eventually when the ring electrode is entirely in 
the bromine dominated region the ring current is a linear function of the disc 

current. For the RRDE we have shown [13] that the take off point occurs at 

li,,i = M&l - I=(41 (33) 
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Fig. 2. Typical titration curve for a ring-disc electrode. The insets show the Brz dominated zone spreading 

out from the disc electrode. 

and that the linear part is given by 

i, = NoliD - p2’31ixI (34) 

where ix is the limiting current on the disc that would be seen if the species X was 
electroactive. 

In the curved portion we showed that the collection efficiency N’ is given by: 

N’=‘-F$ - ( 1 1ta 

J (1 +LY+&)1’3 [ i 

1 _F o(l+a+&) 

i% ,1 (35) 

where 

and fl, describes the boundary on the ring electrode surface at r = r, between the Br, 
region and the X region: 

o<~,=(~,/~,)‘-(~~~,)‘<s (36) 

All of these expressions from eqns. (33) to (36) hold for the wall-jet ring-disc 
electrode using the definitions of a and f3 in Table 1 and of fl, in eqn_ (36)_ The same 
results also hold for double channel electrodes. 

The fact that NO for the wall-jet is less than that for the rotating system, means 
that the wall-jet ring-disc electrode is less sensitive than the rotating one_ However 
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the wall-jet electrode has three great advantages. First theie are no-rotating parts; 
the solution can be impelled through the jet by a pump or by gravity. Secondly there 
is a very small dead space; the solutioxi is fired directly at the &&rode. Thirdly the 
electrode has an ideal configuration for attachment-to a chromatographic cohunn. 
This means that for analytical applications such as diffusion layer titration curves 
the wall-jet system is to be preferred to the rotating system. 

The theoretical results presented in this paper will be tested experimentally in the 
subsequent paper. 
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