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Figure 1.—Sketch of the manifold located upstream of the ramjet
   fuel injector.
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B ( ç ')(ED;( ±K± ���GF ��!z´A�}áH> ���=´|é B � ç ' � D � ± ���I> ��� ´)é B ì çKJ3L D � ± �NM� > �NM� ´ ±O�}´
��UHWYX[W D;( ç � #%�)V� D � ç � #(' )Û\bX[WÉkzU�W�U�W \bk�kzX[\^oHj6¡¢WlX5j[c�XK¡F\^pYW%\bX[W \bjl� J�ç È�è á}á�egj¤kzUHWÃjKcHXK¡F\^pYW
WlZ�edjKj[e£{�e£kµi}�\^oHf LPç È�è£�°¸�� � /P��È 1�4 m�kzcÆ_�U���¡`k3�K�-v M egj5kzUHW�h<kzW|¡F\^o��µm��}]gk[ÞlZ%\^oHo¿pl�^oHjKkz\^oyk � �®WYk ,
\^oHf ,CP Á�W¹k[UHWÉZ%\^j[j	�^¡§kzU�W¹kzc�Á�W?\boHfÖkzU�W¹¡¢cHWY]��BXKWljK¥�WYpYkze£{}WY]gi}�¤TVUHWÉUHWl\bk�Á1\b]~\^oHpYWºWYÅ<cH\bkzeg�}oHj	¡¢�^X
Á��^kzUÂkzU�WMjK�}]degf�\^oHf�kzUHW5¯1c�edfÄ\^X[W

,�ã-ä å æ�Q ���R� QTS&ç B ( >�B � >�B ì ±6��Èy´
\^oHf

,CP°ã6ä1Q ��!6� QTS&ç >UB ( F +,�ã6ä ±����> ��![´ ±6�}�°´
r	�bkzW�kzU1\bk&k[UHW.k[UHWlXKZ�\b]1X[WljKedj6kq\^oHpYW¤ÁyiÃpl�^oHfHcHp|kzed�^o%kzU�X[�}cH�^U�k[UHW.��\^]g]�egj&ed�}oH�^X[Wlf�edo�V§ÅÆ�.±6��Èy´³jKedoHpYW
kzU�W���\^]g]=edjVXKWl]~\�kzeg{^Wl]£i�kzU�edo=�Ýh�c�ÁHjKk[egkzc�kzedo��:V&ÅÆ�¤±O�y´�egoykz��V§Å<jY�	±6��Èy´¨\boHf�±-�}�°´)����WMU1\ {}W

,�ã6ä å æ�Q ���W� Q/SÝç 'X(ED8( ±[±���YF � ![´3�}áZ> ���=[́> ' � D � ± ���I> ���l´[> J3L D � ±�NM� > �NM� ´ ±6�°á}´
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\^oHf
,CP°ã6ä Q ��! � QTS&ç > ')(ED8( ±[±���GF ��![´3�}áH> ���®´<F +,�ã6ä ±����> ��![´ ±6���y´

kzUH\bk5\^XKWºcHjKWlf½k[��j[�}]£{}W ���×\^oHf���!|�¤s¤jKj[cHZ�edo�� ����± SVç Èy´ ç ¸bÈ}Ë�a��Æ��Wºp \^o½pY�}Z�¥Hc�kzW � ! ± S¨ç È}´
ÁyiÂcHjKedoH� ')(ED;( ±K± ���/F � ![´3�^áH> ���=´ ç +,�ã-ä ± ����> � ![´ ±6� �@´
��UHegpqU½i�egWl]gfHj ��!l± S�ç Èy´ ç ¸^�y¸�è��yË�aÚ¡¢�}X	k[UHWºUH�^X[edÞY�}oykq\^]#kzc�Á�Wº\^oHf¿àyá^È^Ë¤aP¡¢�}X.kzUHWM{}WYXKkzegp \^]kzcHÁ�W^�V§Å@c1\bkzeg�}oHjº±6�°á^´�\boHfÌ±-���y´V\^X[W�jK�}]g{^Wlf½cHjKedoH�ÃkzU�W¹¥HXK�}�}X[\^Z �Ö\bk[UHWlZ%\bk[edp \%��� ÈÃ¡¢�^X.Á��^k[UÖUH�}XKedÞY�}oykq\^]
\^oHf¼{}WlX6kzegp \^]kzcHÁ�WljY��TVUHWÉpl\^]dpYcH]~\bk[WlfÄkzedZ�WMUHedj6kz�}X6i¼�b¡³kzcHÁ�Wº��\^]d]#kzWYZ%¥�WlX[\bkzc�X[Wºegj	¥�]d�^kKkzWlfÖedo½a�ed�H�
á�����U�ed]dW	kzUHW�¡¢cHWY]=kzWYZ%¥�WlX[\bkzcHXKW5fHX[�^¥¼\bplX[�^j[j¨kzU�WMZ%\^oHe£¡¢�}]df�\bkVkzU�W5jKkzWl\^f�iy�µj6kq\bk[W�edjV¥H]g�^k[k[WlfÂedo�a�ed�H�
����TVUHW?XKWlj[c�]gkzj5jKUH����WYfØk[U1\bk�k[UHW?UH�}XKedÞY�}oykq\^]#kzcHÁ�WÉ��\^]d]kzWlZ�¥�WlXz\�kzcHXKWÉX[Wl\^pqUHWlj¹¸����}� � Ë a:\^oHfxkzU�W
{}WYXKk[edp \b]k[cHÁ�W¹�¨\^]g]�XKW \^pqU�Wlj�¸��b�yË�aP��e£kzUHego½\^Á��}c�k¤�}È�jY�¤TVUHWÉU��}X[egÞl�}oykq\b]k[cHÁ�WM�¨\b]d]#kzWlZ�¥�WlXz\�kzcHXKW
edj	á��ß� Ë aÔ]g����WYX�k[U1\^o�kzUHW�{}WYXKk[edp \b]#k[cHÁ�W���\^]g]®fHcHW�kz�ÃkzUHWM]~\^XK�}WlXVU�W \bk�kzX[\^oHj6¡¢WlX.j[cHX6¡F\^plW¹\^X[Wl\��ÝTVUHW
¡¢cHWY]=kzWlZ�¥�WlXz\�kzcHXKW5fHX[�}¥�j¤\^¥�¥HX[� ��edZ%\bkzWY]gi��}Ë�aÚ¡¢XK�}ZÍk[UHW�edoH]gWYk¨k[�?kzUHW�W|��e£k	�b¡�k[UHW�Z�\^o�eg¡¢�}]gf=�
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FÐ
sP1o�egkzW)�µWY]dWlZ�Wloyk�w¨a³²»jK�^¡`kµ��\^X[Wb�<w¨a�fHWljKed�}oB�^edjcHjKWlfÉUHWYX[W�¡¢�^X#k[UHW¨�^²Ó\^o1\^]£i<j[edjY��TVU�W�o@cHZ�WlX[egp \^]

¡¢�}XKZÉcH]~\�kzed�^oÖedoxw¨a�fHWljKed�}o¿egj�fHWlXKeg{^Wlfx¡¢X[�}ZnkzU�W�h�ÙE�Ö· �RVÝvujKpqUHWlZ�WÃedoykzXK��f�cHplWYfxÁ@ix·�\bkz\^oHÇ^WYX�©ª�l«¬�
Ùµo½kzU�WÉplcHXKX[WYo@kM\bo1\^]gi<jKedjl�B\�1oHe£kzW|��Wl]gWlZ�Wloyk¤Z��<fHWl]#kzU1\�k5U1\^j5\b¥H¥HX[� ��edZ%\bk[Wl]gi��yá��ßÈ^È}È�oH�<fHWlj5egoÖkzU�W
¯1cHegfÓ\^o�fÛ� �H� È}È}È¿oH�<fHWlj%edoÚkzUHW¼j[�}]gedfÔedj�cHj[WYf=�ÒTVU�WÖ¯1��� 1Wl]gf»egj%jKedZÉcH]d\bkzWYfÔHX[jKk�\^j[jKcHZ�edoH��\

Figure 2.—Time history of the tube wall temperature.
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pl�^oHjKkz\^oyk¤kzWYZ%¥�WlX[\bkzc�X[W^��s	¡`k[WlX�kzUHWMjKk[W \^f�iy��jKkq\�kzWºegj�X[W \bpqUHWlf=�ÆkzU�W¹kzWYZ%¥�WlX[\bkzc�X[W51Wl]gfÖegj.pY�}Z�¥Hc�kzWYf
cHoHf�WlXMÁ��^k[U¿jKkzWl\^f�iy�µj6kq\bk[W�\boHfØk[Xz\^o�j[edWYoyk¹XKcHoHjY��s¨kMkzU�W�egoH]dW|k �=¥�X[WljKj[cHXKW^�kzWlZ�¥�WlXz\�kzcHXKW%\boHf�Z%\^jKj
¯1���ÒXz\bk[W�\^XKW�j[¥�WlpYeg1WYf¼\bj�kzUHW¤Á��}c�oHf1\^X6i�pl�^oHfHegk[ed�}o�jl�&��o�kzU�W��}c�k[WlX¨jKcHXK¡F\^pYW^�HoH\bkzcHX[\^]BpY�}oy{}WYpYkzeg�}o
\^oHf�Xz\bfHe~\bk[ed�}o?Á��}cHo�f1\^XKiÃpY�}oHfHe£kzeg�}oHj&\^XKW.jK¥�WYple£1Wlf%edo?kzUHW.jz\bZ%WV��\�i�\bj&k[UH�}jKW	ego�k[UHW���² \^oH\^]gi<j[egjl�
TVUHWVj6kzW \bf�iy�µjKkz\bkzW¨{^Wl]g��pYegkµiº\^oHf?¥HXKWlj[jKcHX[W�pY�}oykz�}cHXKj§�}oÃ\^o��H���¹pYc�k§¥H]d\^oHWV\^XKW¨j[U��°��o�edoÉa�ed�}jY����\boHf
�%XKWlj[¥�Wlp|kze£{}Wl]£i}��TVUHWº{^Wl]g��pYegkµi¼pl�}oykz�^cHX�j[U��°��j5U�ed�}UÖ{^Wl]g��pYegkµiÄoHW \bX¤kzUHW¹kzcHXKoHedoH�%¥��^edoyk��^¡§k[UHWº¯1���
¡¢X[�^ZÍkzU�WMU��}X[egÞl�}oykq\b]�kzc�Á�W5kz�?k[UHW�{}WYXKkzegp \^]=k[cHÁ�Wljl�&TVUHW�¥HXKWljKj[cHXKW¹pY�}oykz�}cHX�jKUH����j.k[UHW�WYÕ�WlpYk.�^¡kzU�W
pl]g�}j[WYf�WYoHf��^¡�kzUHW.UH�}XKedÞY�}oykq\^]Hk[cHÁ�W���egk[U�\bo%egoHplXKW \^jKW	ego%j6kq\bk[edp�¥HX[WYj[jKcHX[W5\bj&k[UHW�{}Wl]g��pYegkµiÃfHWYplXKW \^jKWlj
oHWl\^X�kzU�WVpl]d�^j[Wlf?WYoHf=�³TVU�WVjKkzWl\^f�iy�µj6kq\bk[W¨kzWYZ%¥�WlX[\bkzcHXKW�pY�}oykz�}cHX§¥�X[Wlf�edpYk[Wlf?Áyiºk[UHWVjKk[W \^f�i@��jKkz\bkzWVXKcHo
edj�¥H]d�^kKkzWYfÂedoÂa�eg�H�§à��§Ù�k¨edj¨�}Á�j[WlX6{}WYf¼kzUH\bk¨kzU�W�¡¢cHWl]�W|��egkVk[WlZ�¥�WYXz\bk[cHX[W5\�k¨kzUHW�¡¢�^cHXKk[U�{}WlX6kzegp \^]Bk[cHÁ�W
edjV{^WlXKi�pY]d�}jKW5kz�ÃkzUHW5¡¢cHWY]egoH]dW|k¨kzWYZ%¥�WlX[\bkzc�X[W^���	����WY{^WlXl��kzUHW�j6kzW \bf�iy�µjKkz\bkzWMkzWYZ%¥�WlX[\bkzcHXKW5�}Á�kz\^edoHWYf
Áyiºk[UHW¨kzX[\^oHj[egWloyk§XKcHoÃ¥H]d�^kKkzWYf?edo?a�eg�H��¸¤j[UH����jÝ\^X[�^cHoHf%á^È}Ë§a½fHXK�}¥É¡¢X[�^Z¾k[UHWVedoH]gWYk��^¡ÆkzUHWVZ%\^oHe£¡¢�}]df
kz�ÃkzU�WMW)��egk.�^¡kzUHW�¡¢�}cHX6kzUÂkzcHÁ�W^��a1cHXKk[UHWlXY�1kzUHW�jKk[W \^f�i@��jKkz\bkzW�kzWYZ%¥�WlX[\bkzcHXKW�fHedj6kzX[egÁHc�k[ed�}o�\^]g�}oH�?kzU�W
plWYoykzWlXK]degoHW��^¡#kzUHW�UH�}XKedÞY�}oykq\^]Bk[cHÁ�W¹\boHfÂkzUHW51XKjKk	\^oHfÂ¡¢�}cHX6kzU�{}WYXKkzegp \^]�kzcHÁ�Wlj�edjV¥�]d�^kKkzWlf�ego¼a�ed�}jY�§â
\^oHf ���#X[WYj[¥�Wlp|kzeg{^Wl]£i}�ÃÙ�kMp \^oØÁ�WÃjKWlWloØkzU1\�k5kzUHWÃkzWYZ%¥�WlX[\bkzcHXKW?fHX[�^¥Hj5��egkzU�edo¿Á��bkzUxkzUHW�UH�}XKedÞY�}oykq\^]
\^oHf�{}WlX6kzegp \^]&kzcHÁ�Wljº\^X[W�UHeg�}UHWlXMkzU1\bo�kzU�W�X[WYj[cH]£kzj¹�}Á�kq\bedoHWYf×Áyi�k[UHW�j6kzWl\^f�iy�µj6kq\bk[W�X[c�o=�¼TVU�W�¡¢cHWl]
kzWYZ%¥�WlX[\bkzc�X[W�oHW \bX&k[UHW�pl]g�}j[WYf%WYoHf��^¡�kzUHW�UH�^X[edÞY�}oykq\^]�kzcHÁ�W	egj&\^Á��}c�k���� Ë a¿]d����WYX§kzU1\^oÃkzUH\bkÝj[UH����o
edo�k[UHW�j6kzW \bf�iy�µX[c�oÄXKWljKcH]gk[jl�Ým¨\^jKWlf��}o�kzU�W5jKkzWl\^f�iy�µj6kq\bk[W5X[cHo�XKWlj[c�]gkzjY��kzU�W�kzWlZ�¥�WlXz\�kzcHXKW�fHX[�^¥�¡¢X[�}Z
kzU�WÉedoH]gWYk.�^¡§k[UHWºZ%\^oHe£¡¢�}]df�kz��kzUHWÉW)��egk��b¡§kzUHWM¡¢�}cHXKk[UÖ{}WYXKk[edp \b]k[cHÁ�Wºedj¤á�è �}Ë5a��1��UHedpqU¿\^�^X[WlWYj¤��Wl]d]
��egk[U�kzU�WÉ��²Û¥HXKWlfHegpYkzeg�}o¿±F�}Ë¨a§´)�Hh�egoHplW¤fHegÕ�WlXKWloykVj[�^]g{}WYX[jV\bX[W�cHjKWlf�¡¢�}X�jKk[W \^f�iy��jKkq\�kzW�\^oHf�k[Xz\^o�j[edWYoyk
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Figure 3.—Time history of the temperature drop of the fuel. 
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X[c�oHj?edoÚw¨a�fHWljKed�}o=�§k[UHW�fHegj[plXKWl¥1\boHpYiÌÁ�WYkµ��WlWYoÔk[UHWÂjKk[W \^f�i@��jKkz\bkzW�k[WlZ�¥�WYXz\bk[cHX[W�XKWljKcH]gk[jÉ�}Á�kz\^edoHWYf
Áyi½j6kzW \bf�iy�µjKkz\bkzWÃ\boHf½kzX[\^oHj[egWloyk5XKcHoHj�egj�\bkKkzX[egÁHc�k[Wlf½kz�%kzUHW?\bplplc�Xz\^p|i½�^¡&kzU�WÉj[�}]£{}WYX�Á1\^jKWlf¿�}o½kzU�W
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kzc�Á�Wb��h<edoHpYWÃk[UHW���²ÊX[WljKcH]gk[jM\^�}X[WYW?��WY]d]���e£kzU¿kzUHW��}²ÊjKk[W \^f�iy��jKkq\�kzWÃX[cHoØX[WYj[cH]£kzjY�k[UHW���²¦XKWljKcH]gk[j
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Figure 4.—Steady-state velocity contour on an x-y cut plane.
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Figure 5.—Steady-state relative pressure contour on an x-y cut plane.
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Figure 6.—Steady-state temperature contour on an x-y cut plane
   (steady-state run).
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Figure 7.—Steady-state temperature contour on an x-y cut plane
   (transient run).
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Figure 8.—Steady-state flow temperature distribution
   along the flow direction (steady-state analysis). 
   (a) Horizontal tube. (b) First vertical tube. (c) Fourth
   vertical tube.
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Figure 9.—Steady-state flow temperature distribution
   along the flow direction (transient analysis). (a) Hori-
   zontal tube. (b) First vertical tube. (c) Fourth vertical
   tube.
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Figure 10.—Time history of the fuel temperature at the exit of the vertical
  tubes (transient analysis).
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